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A B S T R A C T 
The thermodynamic acidity constants of benzoic acid, 
sixteen substituted benzoic acids, and methyl orange, 
have been measured in water over a wide range of 
temperature, by spectrophotometrically based techniques. 
The thermodynamic functions AG^^, and AS^^ of 
proton ionisation have been calculated by the Clarke and 
Glew procediere. 
An extensive review and recalculation of previously 
reported thermodynam^ic fixnctions of ionisation of the 
acids has been carried out. In contrast to the older 
data, the thermodynamic functions of ionisation of tiie 
present work show good linear relationships between 
the free energies, enthalpies and entropies for meta° 
and para-, substituted benzoic acids. 
The results are also discussed in termes of 
substituent effects on the reviewed quantities. 
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OBJECTIVES OF THE PROJECT 
The proton ionisation of organic acids has long been 
used as a "test-bed" for theories and studies of 
substituent and solvent eTrects on chemical reactivity. 
Many important linear Tree energy relationships, for 
example, are based upon proton ionisation reactions. Of 
the many linear free energy relationships now known, the 
most successful and the most widely used is undoubtedly 
1 a 
the Hammett equation , which is defined in terms of the 
effect of meta- and para- substituents on the ionisation 
of benzoic acids in water at 23^C, Some measure of the 
success of the Hammett equation can be obtained from the 
fact that more than 400 reaction series are known to be 
adequately correlated by this simple relationship. The 
Hammett equation substituent parameters have also been 
successfully used to correlate extensive sets of non-
reactivity data, ranging from infra-red stretching 
frequencies to polarographic half-wave potentials. 
2 
It can be shown , however, that a linear relationship 
between the free energies of two reaction series can be 
expected only if each reaction series shows one of the 
following types of behaviours 
(a) is constant througliout the 
series ; 
(b) AS° is constant throughout the 
series; or 
(c) AH° is linearly related to 
Yet, as many reviewers have noted^^'^'^, the 
ionisation of benzoic acids does not appear to belong to 
any one of these categories. Plots of AH° against 
AS^ Tor the ionisation oT meta- and para- substituted 
benzoic acids show only a scattered relationship. This, 
3 
as Shorter has commented, makes the empirical success of 
the Hammett equation something of a mystery and it also, 
to some extent, reduces our confidence in the use of 
enthalpies and entropies as quantitative indexes of 
substituent effects on chemical reactivity. Furthermore, 4 
Larson and Hepler in a recent review , have drawn attention 
to large discrepancies existing between sets of 
measurements of enthalpies of ionisation of benzoic acids 
and have also pointed out that some of the most frequently 
quoted measurements date from 189^1 
In view of the obvious uncertainties associated with 
the literature values for the enthalpies and entropies of 
this most important reaction, it was decided to undertake 
a complete re-measurement of the enthalpies and entropies 
or ionisation of as many ortho-, meta-, and para-
substituted benzoic acids as possible, using whenever 
possible, a method which had been shown to give reliable 
results for the enthalpies and entropies oT ionisation of 
phenols and anilinium ions in water. 
An extensive and detailed review of the literature 
on these measurements was also undertaken for comparison 
purposes. 
CHAPTER II 
THE CONCEPT OF pH AND THE ACIDITY 
FUNCTION p(ajj y^^) 
(a) Concept of pH 
II K 
The concept of pH as originally defined by Sorensen 
in 1909 was in terms of th.e concentration of hydrogen 
ions s 
pH = - log [H*̂ ; 
In this form, pH was not thermodynamically defined and 
hence was not capable of exact determination by electro-
metric methods. The thermodynamic treatment of acid-base 
equilibria, however, requires that equilibrium quantities 
be expressed in terms of activities and not concentrations. 
The term pH was, therefore, later redefined in terms of 
ac tivities s 
pajj = - log 
where a„+ is the activity of the hydrogen ion. 
Throughout this work, the term pâ ^ will be used to 
refer to "pH" defined in terms of activities, and pH will 
be used whenever concentration terms are involved, or when 
the precise definition is unimportant. 
In theory, pâ ^ values may be obtained from e.m.T. 
measurements on cells consisting of a standard hydrogen 
electrode coupled with a calomel electrode. The 
expression to be used is^s 
pajj = (E-(E°'+ Ep)F/2,3026 RT 2 - 1 , 
where E is the electromotive force for the cell, * is 
the standard potential of the cell and E. is the sum of J 
the liquid junction potentials involved in the cell. 
From this expression, it would simply appear necessary 
.o to select values of E + E. to furnish values of pa„. J ^ 
o * However, the precise assignment of values to E + E. is J 
impractical for modern pH measurements, particularly 
when glass electrodes are used. The apparent standard 
o » 
potential of the cell, E , is formally related to 
the activity of the chloride ion at the calomel reference 
electrode by the expressions 
= - 2.3026 RT/F log a^^ 
where is the standard potential referred to the state 
of unit activity of all reactants and products of the 
cell reaction, with boundary potentials eliminated, 
o * 
Although E is perhaps constant for a particular 
temperature, its value is ujiknown and indeed undefined, 
particularly over a range of temperature. The liquid 
junction potential, E., may be at best, hopefully assumed 
J 
to remain constant from one measurement to another, and, 
although this assumption may be reasonable for one 
temperature, it would be less so over a range of 
temperature. 
Two pH units, pH and pajj had therefore been defined 
with neither being able to be determined experimentally. 
Because of its practical importance, pH was redefined in 
terms of an operational definition. Agreement has 
generally been obtained on the operational definition of 
the practical pH value and a standard scale fixed by one 
or more standard buffer solutions whose assigned pH 
values are consistent with the thermodynamic properties 
of the solutions and with a conventional definition of 
the individual ionic activity. 
The National Bureau of Standards, U.S.A., has 
assigned P̂ -jj values to four primary standards over a 
range of temperature. These standards ares 
(i) 0.05 molal potassium hydrogen phthalatei 
(ii) a mixture of potassium dihydrogen 
phosphate and disodium hydrogen 
phosphate, each salt being 0.025 molalj 
(iii) 0.01 molal borax, and 
(iv) a saturated solution, at 25°C, of 
calcium hydroxide. 
The determination of pH with the hydrogen-calomel 
cell, or other suitable pH cell is essentially the 
determination of a difference in e.m.f. Quajititative 
interpretation of the experimentally measured pH is 
only possible for solutions in which the liquid-Junetion 
potential resembles closely that of the standard 
solution. Ideal solutions will, therefore, resemble 
closely the primary standards of reference. They will 
be restricted to dilute aqueous solutions of simple 
solutes whose acidity matches closely that of the 
standard solution. Only under these stringent conditions 
may the measured "pH" be expected to approach the 
theoretical pa value and so be able to be used in 
equilibrium computations. In addition, as the standard 
potential of the reversible hydrogen electrode is 
defined to be zero at all temperatures, measurements of 
hydrogen electrode potentials can give no exact com^parison 
between the hydrogen ion activity at two different 
temperatures. In order to set up numerical scales of 
activity, it is necessary to choose a standard state at 
each temperature. Thus it is possible to define several 
different pH scales in each of which the "pH" at one 
temperature has no quantitative meaning relative to the 
"pH" at any other temperature. 
It was therefore important to define some measurable 
fuxLction of acidity which had a precise thermodynamic 
meaning over a range of acidity, composition and 
temperature, 
(b) The Acidity Function y ) 
il OX 
The expression "acidity riojiction" has been adopted^ 
to signify an experimental quantity having exact 
thermodynamic meaning, the value oT which is a function 
of the activity of the medium» Acidity functions are 
generally defined as the negative logarithm of the 
concentration of the hydrogen ions multiplied by an 
appropriate combination of activity co-efficients» 
Unlike the pH value, these acidity functions derive their 
usefulness from the unambiguous role that they play in 
specified equilibria. 
g 
Guggenheim first pointed out that an experimental 
measure of the quantity - log (m̂ ^ y^ ) or - log (â ^ y^) 
where "X" is a univalent anion, would be more useful than 
that of pajj, even if the latter could be determ,ined 9 exactly. Later, Hitchcock suggested the use of 
- log (mjj yjj that is - log (â ^ "»"cî ^ ^ useful 
acidity function of this type since cells with hydrogen 
and silver/silver chloride electrodes without liquid 
junctions were capable of furnishing very precise values 
of this quantity in aqueous solution over a wide range 
of composition. The quantity may also be similarly 
7 measured over a wide range of temperature . Measurem.ents 
or this acidity rimction liave Tormed the basis for the 
establishment of the National Bureau of Standards' 
primary standards of pâ .̂ 
The acidity fimction, vî î  y , is defined ass 
^Cl^ = - ("̂ H ^H ^Cl) - 2 
and may be calculated from e.m.f, measurements for cells 
without liquid junction consisting of one electrode 
reversible to hydrogen ions and one electrode reversible 
to the chloride ions by the expression g 
^Cl^ - (E - E°)/(2O30259RT/F) + log m^^.. - 3 
The acidity functions for buffers used in the present 
7 
work have been tabulated by Bates and Gary for various 
buffer solutions covering the acidity range 
2 < p(ajj Tqj^) 13 and over a wide range of temperature 
and coneentrationo 
From equation 2 = 2 , it is evident that the hydrogen 
ion concentration, [IHjjJ 5 is formally related to the acidity 
function by the expressions 
- log m^ = p(ajj + log ( y^ 
= p(ajj Y^^) + 2 log 
where y^ is the mean ionic activity co-efficient of 
î 1 » 
hydrochloric acid in the buTfer solution Tor which the 
acidity function has been obtained. 
Estimates Tor pâ ^ or pH^ may also be readily 
obtained from values of p(a„ Y^.) from the expressions Ji. L-l 
= P(ajj Ycj^) - A/y /(l + 1,5/y ) 
U 
where A is the Debye - Huckel slope and y the ionic 
strength of the solution. 
One of the most fruitful uses of the acidity function, 
p(ajj is found in the determination of the dissociation 
constants of uncharged acids by m,eans of spectrophotometric 
mea sûrement s. 
The application of ^Cl^ such measurements is 
discussed in Chapter VI„ 
12e 
CHAPTER III 
EXPERIMENTAL METHODS FOR DETERMINING 
ACIDITY CONSTANTS 
Two main metliods are available tor the determination 
of precise thermodynamic enthalpy ajid entropy values for 
ionisation processese These are calorimetric methods in 
which heat changes are measiired directly, and "Van»t H o T f 
methods in which the Van't Hoff isochores 
^(^"^a) . ^ 3 = 1 
p,conc, RT 
is used to evaluate standard enthalpies ajid thereby 
standard entropies» Although diiTerentiation inevitably 
leads to a loss in precision, the precision of the 
determination oT enthalpies from calorimetric measurements 
is, at present, no better than those derived from 
Van»t Hoff methods. 
For precise values of enthalpy and entropy changes, 
any Van't Hoff method requires a precise knowledge of 
acidity constants over as wide a temperature range as possible 
1 0 
King has shown that to achieve a standard error of 
+ 10 cal mol""^ in AH° and + 0,016 cal deg~^ mol ^ in A , 
it is necessary for values of pK to be obtained to a a precision of + OoOQI pK units t ken at intervals of over — a 
a minimum temperature range ot 45°. With currently 
available equipment, only three experimental methods are 
capable ot producing acidity constants of the required 
precision. They arethe Potentiometrie method, conductance 
method, and spectrophotometrie method. Other experimental 
methods, for example Ramen spectroscopy^ \ nuclear 
magnetic resonance spectroscopy^^, differential solubility^^ 
1 4 
and kinetic methods have been used to measure acidity 
constants, but they lack the necessary precision for 
enthalpy determination and hence will not be discussed 
further. 
(a) CALORIMETRIC METHODS 
(i) The Standard Calorimetrie Method^ ̂ * ̂  ̂  ' ̂ > ^ ̂ ' 
The standard calorimetrie method may involve the 
direet measurement of the heat of neutralisation of 
an aeid, or base, or the application of Hess's Law to 
the calculation of the heat of neutralisation from 
measurements of appropriate heats of reaction or 
dilution associated with the chosen path. As only-
one measurement can be made from any one experiment, 
calorimetric determinations of enthalpy values are 
necessarily slow and tedious. 
High purity of materials must be attained, 
usually necessitating the use of glove-box storage 
and weighing. Solutions of concentration less than 
0.05 molal are normally employed to facilitate the 
ti 
application of the Debye-Huckel Limiting Law for 
correction to infinite dilution. 
The change in temperature arising from the 
process is normally measured by some t5rpe of electrical 
temperature sensor. Measurement of heat changes of 
- 2 - 4 
the order 10 to 10 calories with a precision of 
0.5^ or better is required if the measured enthalpy 
change is to have a precision of approximately 50 cal 
mol , To attain this precision, compensation must 
be made Tor; 
(1) the mechanical energy supplied to 
the stirrer; 
(2) the heat oT rupture of the sealed 
ampole; 
( 3 ) the Joule heating ±f the temperature 
sensor is a resistance thermometer 
or thermistor; 
(4) heat exchange with the 
calorimeter environment by-
conduction, convection, and 
radiation; and 
( 3 ) evaporation from the calorimeter. 
The greatest source oT error in standard 
calorimetric methods is not the experimentally 
measured quantity, but its correction to infinite 
1019 " 
dilution ' Altho-ugh the Debye-Huckel Limiting Law 
may be used to obtain an estimate of this correction, 
specific differences between the heats of dilution 
of different electrolytes have been observed, even 20 at low concentrations . The theory of specific 
21 19 
interaction has also been used to estimate the 
correction for the heat of dilution. 
In attempt to avoid this problem as much as 
possible, recent calorimetric studies on benzoic 
acids have been carried out at low ionic strengths 
to facilitate a relatively short extrapolation to 
infinite dilution. For those studies involving the 
neutralisation of benzoic acid by a strong bases 
HA. + OH" t A" + H^O 
the standard heat of ionisation of water is required. 
For many years, two different groups of values existed 
for the standard heat of ionisation of water at 25°C. 
This question is now largely resolved and 
AH%ater = 13-3^ kcal mol"^ is accepted^. The 
uncertainty of 160 cal mol""̂  has been particularly 
significant for the evaluation of the heat of 
neutralisation of benzoic acid which is obtained as 
a very small difference of two much larger heats of 
neutralisation. 
If, in addition to enthalpy, entropy is also to be 
evaluated, it is necessary for the free energy change 
to be evaluated by some other method, with the result 
that the thermodynamic fimction values obtained, 
other than the enthalpies, lack self-consistency. 
(ii) The Thermometric Titrimetry Method^^'^^^ 
Thermometric titrimetry is a useful teclinique Tor 
determining self-consistent thermodynamic parameters 
or ionisation processes from a single titration run. 
For precise determinations, however, the method has 
generally been restricted to acids having 
3 > pK > a 
To measure the heat of neutralisation of a weak 
acid, the conjugate base is titrated against a strong 
acid. The titrant may be added continuously, in which 
case the temperature change is measured as a Tunction 
of the amoimt of added titrant, or discontinuously, 
when the temperature change is measured for each 
addition of titrant. 
The method is dependent upon the calculation of 
the amount of reaction completed from the quantity 
of heat evolved. The degree to which a reaction 
will go to completion is reflected in the free energy 
change. The sharpness of the end point, therefore, is 
dependent both on the free energy change of the 
reaction as well as on the enthalpy change which 
accompanies the reaction. 
The thermometric titrimetry method will be capable 
or producing precise thermometric parameters when g 
(1) the equilibrium constant and the reaction 
conditions produce a measurable amount of 
reaction; 
( 2 ) the equilibriiam constant is such that the 
enthalpogram (thermometric titration 
curve) does not exhibit so much 
curvature at the end point that accurate 
extrapolation of the straight line 
sections is not possible. In general, 
it is necessary for 3 > pK > 1 0 ; a 
( 3 ) the enthalpy value Tor the reaction is 
measurably diiTerent from zero 5 and 
(4) the compoimd is sufficiently soluble 
for the reaction to produce enough 
heat change for a significant inflection 
in the enthalpogram. 
In addition; precision thermometric titrimetry 
requires s 
( 3 ) precise temperature control of the 
system; 
(6) a calorimeter with low heat modulus 
and fast equilibration time; and 
(7) maintenance of the titrant at the 
temperature ot the titrand, as well as 
(8) the normal corrections required by 
the standard calorimetrie method 
for known heat "leakages". 
Problems associated with extrapolation of measured 
heats of reaction to zero ionic strength which are 
found in standard calorimetric methods are also 
encountered in the thermometric titrimetry method. 
If the experimental enthalpy value is found to be 
dependent on ionic strength, then a series of 
experimental determinations must be made in order to 
extrapolate to infinite dilution and hence obtain 
However, if the experimental enthalpy is found to be 
independent of ionic strength, then AH° may be taken 
as the average of the experimental values. 
The thermometric titrimetry method has recently 
27 been extended to include the intermediate pK a 
ranges (4 < pK^ < 10), but precise results are 
very dependent upon large values for the 
reaction and an increase in titrant and titrand 
concentrations, 
Although the thermodynamic parameters of aqueous 
ionisation of benzoic acid have been determined by 
the thermometric titrimetry method, the low solubility, 
small enthalpy of ionisation and the magnitude of the 
acidity constants for many of the benzoic acids, 
(pK - 4 ) , must of necessity limit the accuracy of a 
such measurements. 
(b) VAN'T HOFF METHODS 
(i) The Potentiometric Method^'^^^*^^^^^" 
The potentiometric method is a long established 
technique for the determination of pK^ values. Using 
cells without liquid junction consisting of hydrogen 
and silver/silver chloride electrodes, it is capable 
+ 1 Ob. of obtaining a precision of - 0.001 pK^ unxts 
The method is limited in its use to compounds 
-3 -1 
with a solubility greater than 10 mol 1 , for a 
concentration of that magnitude is required to obtain 
sufficiently precise results. High purity of materials 
is essential, and special care must be given to the 
elimination of oxygen and bromide from the system. 
Temperature fluctuations of t 0.02°C are generally 
tolerable and it is possible for measurements to be 
carried out over a range of temperatiaxe. 
The method is not capable of producing very 
precise pK^ values for moderately strong acids, 
i.e., when pK^ < 3, because under these conditions 
the term (m - H"*"} , where m is the molality of the 
acid, is a small difference between comparatively 
large quantities and thus requiring the hydrogen ion 
concentration to be obtained with exceptional precision 
As the hydrogen ion concentration, [H'*'} , is found to 
vary with the choice of a^, (the value of the parameter 
representing the closest distance of* approach of 
«1 
ions in the Debye-Huckel equation), an ambiguity 
frequently not eliminated by extrapolation, the 
pK^ values obtained for moderately strong acids become 
a function of the choice of a . Similar difficulties o are encoiontered when attempts are made to measure the 
acidity constants of bases having pK > 1 1 . a 
The hydrogen electrode is unsuitable for e.m.f. 
measurements which involve acids subject to reduction 
at that electrode. Benzoic acid is one which has been 
30 
reported to be susceptible to such reduction. Other 
electrodes reversible to the hydrogen ion have been 
used but only the quinhydrone and glass electrodes 
have a reproducibility and sensitivity which approach 
that of the hydrogen electrode. Limitations of 6 13 usefulness are encountered with both these electrodes ' 
The quinhydrone electrode, for example, is limited 
in its use to a pH < 8 . It yields erroneous results 
in the presence of proteins, some oxidising agents, 
and high concentrations of salts and is often unstable 
for measixrements which have to be carried out over long 
periods of time, particularly at temperatures above 
O 
30 C. For precise determinations, the slight volatility 
of quinone usually requires the recrystallisation of 
commercial quinhydrone from water at 70°C, to assure 
the two components are present in equimolecular 
proportions. 
Glass electrodes are unaffected by oxidising 
and reducing agents, and by common electrode poisons. 
They tend to be unreliable, however, in alkaline 
solutions, especially if in the presence of sodium 
ions. "Asyinmetry potentials" may vary for measurements 
conducted over a long period of time and a wide 
temperatijre range. The very high impedence of glass 
electrodes necessitates the use of a very stable 
amplification system if a precision comparable to that 
of the hydrogen electrode is to be obtained. 
Nevertheless, with modern instrumentation, this is 
possible, and such precision has been achieved for 
benzoic acid^\ for example, at 25°C. Problems 
associated with the use of glass electrodes over a wide 
range of temperature, however, have yet to be resolved. 
(ii) The Conductance Method^Oa,13,29,32. 
The conductance method is capable ot producing 
excellent precision in the determination of acidity-
constants (i 0.01^) providing extreme care is taken 
in the control of Tour critical aspects? 
(1) Accurate temperature control. 
The temperature co-eTricient oT conductivity 
Tor most aqueous electrolytic solutions is of 
the order i 2^ per degree. To obtain a 
precision of - 0.01?^, a temperature control 
of i 0.005°C is required. 
( 2 ) Purity of solute and solvent. 
As the conductance method depends upon the 
presence of ions in solution,it is extremely 
sensitive to the presence of conductive 
impurities between the electrodes. It is 
therefore critical to ensure that all ionic 
impurities are removed from both solute and 
solvent. If water is employed as solvent, it 
is essential that it be made as free from 
carbon dioxide as possible by ensixring a 
6 1 specific conductance of less than 10 cm. 
(3) Avoidance of polarisation at electrodes» 
ir the system to be used permits the use 
of electrodes which are truly reversible to 
one or the ions in the solution, very simple 
D.C, techniques may be employed. However, 
for most measiurements, it is necessary to 
use non-reversible electrodes, so that 
polarisation errors would be introduced by 
the use of D.C. ciorrent. Polarisation errors 
may be minimised by the use of A.C. current 
for measurements and by coating the electrodes 
33 with a heavy deposit of platiniJim black . 
(4) Precision of electrical Measixrements• 
The complexities introduced by the use of 
A.C. circuitry to avoid polarisation errors 
often impose limitations on the precision with 
which the electrical measurements can be made. 
The determination of acidity constants from 
conductance measurements involves an extrapolation to 
zero concentration to obtain an estimate for the 
limiting equivalent conductcince. For strong electrolytes 
at low concentrations, the equivalent conductance is 
round to be a linear fianction of the square root of the 
concentration. With weak electrolytes, however, this 
relationship does not hold and alternative methods, 
usually based upon the law of independent mobility 
or ions, are employed. If limiting transport 
numbers are known, then limiting equivalent 
conductances can be determined. If, however, 
limiting transport numbers for monoprotic acids are 
unknown, then sodium salt conductivity data are 
often employed for extrapolation to zero concentration, 
and accepted values of the mobilities of the sodium 
and hydrogen ion adopted for use in the calculations. 
For the weak acids, methods based upon the 
dilution law alone may give misleading results. This 
arises from the neglect of mobility and activity 
changes, which, although small, are greatly magnified 
during extrapolation since the length of the 
extrapolation is necessarily much greater than that 
34 
of the experimental range. Ives has developed a 
precise method for the simultaneous determination of 
K and the limiting conductance of weak acids. 
cL 
However, the method is limited in its use to acids 
with K^ > 10"^ because of the large extrapolations 
involved in obtaining the limiting conductance. 
Because of its great potential precision, the 
conductance method has been extensively used to determine 
acidity constants at but, because of the 
large temperati:ire co-efficient and the tedious and 
time consiojning work involved in extending measurements 
to other temperatures, the method has had only a 
very limited application in acid ionisation studies 
over a range of temperature^^'^^'^^' 
(iii) The Spectrophotometric Method^^^'^^'^^' 
For an uncharged weak acid, HA., in water, the 
proton dissociation may be represented hy the 
equations 
HA + H^O H^O-^ + A" 3 - 2 
The thermodjrtiamic acidity constant, K , is defined as a 
K = "^„O-^ «"A- YH 0+ YA-^ J . _J3 
'"ha ^HA 
= X o " ^H^O-^ . ^ , ^A- ... 3 - 3 
HiA 3 3 
and 
•"HA 
pK = pa„ + log + log '̂ HA ........ 3 - 4 'H 
"•a- y 
where the "m's" represent molal concentrations, the 
" activity co-efTicients on the molal scale, 
and pajj = - log '»'ĥ O"̂ '̂ 
The acidity constant may be evaluated by combining 
measured values of pa^j and the ratio 'with some 
estimate for the activity co-emcients. The ratio 
mjj^/m^- is readily obtained from spectrophotometric 
measurements while estimates for the activity 
co-efficient term are usually evaluated from a 
It 
combination of the Debye-Huckel Limiting Law and 
extrapolation procedures. The main difficulty of the 
method lies in the determination of the term pa . The H 
most frequently employed method is to measure it 
with a glass electrode. This, however, introduces 
the uncertainty of liquid junction potentialso 
An approach which may be termed the "electromotive 
force/spectrophotometric" method has been developed by 
37 
Bates and Schwarzenbach ' and has been used with 
considerable success in this laboratory for studies on 
the aqueous ionisation of phenols and anilinium ions. 
In this approach, the problem of the determination of 
the term pâ ^ is avoided by carrying out the spectro-
pho tome trie measurements in standard biiffers for which 
values of the acidity function p(a-jj ^Q^) have been 
measured by e.mof. methods over a range of temperature. 
The method requires that s 
1, the protonated and unprotonated species of 
the acid under investigation exhibit 
absorption bands at different wavelengths, 
and 
2. precise values for the acidity f-uriction of 
a buffer, whose piâ ^ YqI^ close to that 
of the pK of the acid under study, are a 
available. 
Tabulations of the acidity function of a wide 
range of buffers at several low ionic strengths and 
over a range of temperatiire are available^. By a 
careful choice of buffer, and with recent improvement 
in precision and stability of spectrophotometers in 
the U,V, region, a precision of t 0.001 in pK is 
a 
possible. 
The requirements of the U.V. e.m.f./spectro-
photometric method generally preclude its use in 
the study of aliphatic or inorganic acids. The high 
molal extinction co-efficient of aromatic acids in 
this region, however, makes the method well suited 
to precise measurements on such compounds• It is 
possible to conduct precise measurements on compounds 
possessing a very low solubility in water, provided 
they exhibit a sufficiently strong molar absorptivity. 
Many benzoic acids, for example, show a satisfactory 
absorbance when present at a concentration of about 
- 4 
10 molal and in a cell of path-length one 
centimetre. The limited aqueous solubility of many 
compoimds, therefore, place less stringent 
restrictions on the e.m.f./spectrophotometrie method 
than they do on many of the other methods available. 
The piirity of the acid under investigation, so 
critical in most other methods, is not oT particular 
importance in spectrophotometry provided that any 
impurities present do not absorb at the wavelength of 
measurement. A impurity present in a solution of 
10 molal, would have a negligible effect on a 
solution of ionic strength 0.01 to 0.1. Further, a 
knowledge of the exact molality of the compoimd under 
investigation is not critical, so long as the 
concentration is the same in all three measured 
solutions. 
The method has the added advantage that once the 
acidity function of one acid has been determined, it 
may be used as an indicator to determine the acidity 
o Q O Q 
constants of other acids 
The principal potential source of error in the 
e.m.f./spectrophotometric method lies in the actual 
absorbance readings. This is largely a fimction of the 
design of the spectrophotometer, although care in the 
choice of buffer solutions and attention to detail of 
the experimental procedures can play a significant role, 
The great ease with which pK^ may be determined 
over a range of tempera tujre by the e .m. f./spectro-
photometric method is advantageous, for it provides a 
means for computing a set of internally self-consistent 
thermod3rnamic parameters. With these self-consistent 
parameters, a study ot structural effects for a 
common substrate molecule should be possible without 
the limitations placed upon it by other methods. 
(c) FACTORS INVOLVED IN THE CHOICE OF AN EXPERIMENTAL 
METHOD FOR THIS PROJECT. 
The acciirate measwement of the enthalpies and 
entropies oT substituted benzoic acids in water poses 
special problems additional to those found in similar 
determinations Tor other acidss 
(i) the benzoic acids are very sparingly soluble 
in water, especially at lower temperatures| 
and 
(ii) the enthalpy of ionisation for most benzoic 
acids is of the order of - kOO cal mol"^ 
(cf. AH^ - 3000 cal mol"^ for phenol 
ionisation)• 
From the integrated form of the Van»t Hoff isochore 
InK = - AH° /Ix AS° 1\  ^ ^ i-̂ ) + — 3 - 5 a " R ^T^ R 
it is seen that AH° represents the sensitivity of the 
acidity constant to temperature variation. The very 
small values of AH° for benzoic acid ionisations means 
that such processes will have a very low sensitivity to 
temperature change. Since Van*t Hoff methods depend 
upon the variation of acidity constant with temperature 
for the evaluation of AH^, it is clear that no Van't 
Hoff method is really suitable for this project. 
Calorimetrie determinations of such small AH° 
values, on the other hand, inevitably end up with a 
final result calculated as the difrerence of two 
experimentally measiared niojnbers ot almost equal magnitude, 
which again introduces another source of potentially large 
error. The low solubility of the benzoic acids means that 
in calorimetric determinations solutions have to be used 
which are much more dilute than those customarily used 
in such measurements. This intensifies the extrapolation 
problem and also introduces extra complexities into the 
necessary experimental techniques. 
To obtain AH° values of the order of i 400 cal mol"^ 
which have any physical significance, the maximum tolerable 
error in AH° would be i 50 cal mol"\ For a Vaji^t Hoff 
method to achieve this precision in AH°, the pK values a 
would have to be measured to at least i 0.002 in pK a 
and over at least a 45^ range of temperature. 
Q Q K Q ̂  
The work of Ives and co-workers has shown 
that conductance techniques are capable of exceeding this 
precision in pK and that such precision can be maintained a 
over the required temperature range. Unfortunately, the 
necessary precision in pK^ cannot be achieved for the 
range of acidity (pK about 3 to 4.3) found for the 
substituted benzoic acids. 
E.m.f. techniques involving the use of hydrogen or 
30 40 
quinhydrone electrodes have been shown ' to be 
unsuitable for benzoic acid measurements over this range 
of temperature. The accuracy of glass electrode measure-
ments over a wide temperature range has yet to be established. 
All of the benzoic acids absorb strongly in the ultra-
violet region, hence the use of the e.m.f./spectrophotometrie 
method is feasible for such measurements. The generally 
high molecular extinction coefficients for these absorbance 
-4 -5 
bands means that solutions as dilute as 10 to 10 molal 
can be used, thus obviating the solubility problems. 
Further, it has already been established that the method 
can be used effectively over the temperature range 5-60° 
The principal disadvantage is that the required precision of 
- 0.002 in pK is at the very limit of precision of the a 
method. Nevertheless, such precision can be consistently 
achieved if special care is taken in the design and 
operation of the experimental work. The e.m.f./ 
spec tropho tome trie method which has been used in this 
project, then, tixrns out to be not so much the most 
suitable method for the measurement of AH° of ionisation 
of benzoic acids, as the least luisuitable method for such 
determinations. The results obtained must be evaluated 
in the light of this knowledge. 
CHAPTER IV 
THERMODYNAMIC ACIDITY CONSTANTS AND THE 
CALCULATION OF THE THERMODYNAMIC 
FUNCTIONS FROM EQUILIBRIUM DATA 
For an imcharged weak acid, HA, in water, the proton 
dissociation may be represented by the equation, 3 - 2 
HA + H^O J Ĥ O"̂  + A" 
and the thermodynamic acidity constant, K , is defined as 2 a 
K, = . 4 - 1 
where the m*s represent molal concentrations and the y^s 
activity co-efficients on the molal scale. 
For any equilibrivim process at constant pressure and 
at a given temperature, T, the relationship between the 
standard free energy, standard enthalpy and standard entropy 
at that temperature is given by: 
AG"̂  = AH° - T AS° . " . 4 - 2 
If the temperature of a system at equilibrium is 
altered the equilibrium will be, for almost every system, 
shifted from its original position. The observed strength 
of ajiy weak acid is therefore a fxmction of the temperature 
of the system. In addition to A , a knowledge of both 
the magnitude and sign of AH° and A is required to 
permit an interpretation of acid strength in terms of 
molecular structure. 
The temperature dependence of the acidity constant may-
be used to advantage to permit a precise determination of 
changes in enthalpy, entropy and heat capacity. The heat 
of ionisation of an acid-base system is related to the 
temperature - dependent acidity constant by the Van't Hoff 
isochore, 3 - 1. 
dT p,conc. 
where is the difference in enthalpy of the products 
and reactants when each substance is in its standard state 0 
At constant pressure and at siny given temperature, the 
relationship between enthalpy, entropy ajid acidity constant 
43 is given by the equation s 
„ AH'̂  / 1 V _ AS^ . 
P a ~ 2.303R ^ T ^ 2.303R " 
and may be obtained either by integration of equation 3 - 1 
or by substitution of equation 4 - 2 into the free energy 
relationship g 
=-2,303RT log K a 
= 2.303RT pK a 
Consideration of equation 4 - 3 shows pK to be a a 
-1 AH"" 
linear function in T with gradient ^ 3Q3R ^^^ intercept 
- ^ ^ , provided both AH° and As® are independent of 
temperature over the complete experimental temperature 
range. For many equilibrium systems, however, plots of 
pK^ against T ^ exhibit signiricant curvature, indicating a 
dependence of AH° and AS° on t e m p e r a t u r e ^ ' ^ T h i s is 
especially true Tor acid ionisation processes for which 
AC° is often of the order 40-60 cal deg"^. Jr 
_ -j 
Figure 4 - 1 shows the pK against T" plot for the a 
proton dissociation in aqueous solution of benzoic acid, 
phenol, and aniliniujn ion. It is clear that (with the 
possible exception of the anilinium ion for which 
ACp - o), the assumption of the temperature independence 
of AH^ and AS° is not applicable to these systems. 
Several empirical relationships have been developed 
which attempt to relate pK values with temperature yet a 
allow a temperature dependence of AH° and A . Those 
which have experienced most success and most use have been 
44 
the Harned-Robinson equation s 
A 
- i5 + UT 45 
pK^ = I - B + CT 4 » 4 
and the Everette Wynne-Jones equation 
pK^ = I - B + C log T 4 - 5 
where the constants A, B, and C of equations 4 - 4 and 
4 - 5 are different sets of constants in each case. 
Observations which indicated that the e.m.f. of the 
hydrogen-silver/silver chloride cell could be expressed as 
a quadratic function of temperature have led to the 
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FIG. 4 - 1 
VARIATION OF pK^ WITH T ̂  FOR AROMATIC ACIDS. 
the thermodynamic functions of ionisation may be computed 
from the expressions? 
AG° = 2.303R (A-BT ^ CT^) 
AH° = 2.303R (A - CT) 
= 2.303R (B - 2CT) 
AC°p=-2o303 (2CT) 
For computational simplicity, an additional simplifying 
assumption is generally employed in calculations involving 
the Harned-Robinson equation. This assumption, that Ac^ 
o 
is proportional to temperature, results in AH being 
represented as an incomplete function of temperature, 
necessarily repressing one term in the quadratic expression 
for enthalpy» This procedure introduces an unnecessary 
bias into the calculated values of the thermod3mamic 
functions. 
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The Everette Wyrme-Jones equation , 4 - 5> was 
similarly formulated on the assumption that enthalpy may be 
expressed as a quadratic function- of temperatiwre of the form 
AH°= A - B T - CT^ 
2 
However, the term in T is omitted, again for computational 
simplicity. The expressions for the calculation of 
thermodynamic functions ares 
AG^ = 2.303R (A - BT + CT log 0 T) 
= 2.303R ( A - CT) 
As® = 2.303R (B - C - C log 0 T) 
AC®p=-2.303 RC 
The assumption that AH° is a linear fimction of T 
implies that AC® is independent oT temperature. This 
ir 
restricts the use of the Everette Wynne-Jones equation to 
systems in which the temperature independence of ^^^p ^^ 
obeyed. 
Both empirical equations have been widely used for 
the evaluation of thermodynamic fimctions from equilibrium 
data of acid ionisation processes. However, these 
"empirical" equations can produce thermodynamic quantities 
possessing physical significance only when the system under 
investigation satisfies the particular assumptions 
implicit in the equation used. In practice, it has been 
found that for most acid ionisation data, both the Earned-
Robinson equation and the Everette Wynne-Jones equation 
have produced results which have been equivalent within 
experimental error. Recent studies involving more precise 
experimental data, for exam,ple the work of Ives and co-
workers^^ ' ̂ ^ ' ̂ ^, and data measured over a wide temperature 
range, have exemplified the limitations of the empirical 
equations and have shown them to be often incapable of 
satisfactorily representing the data. 
A relationship which requires only that the 
thermodynamic functions are continuous, well behaved 
functions of temperature, was proposed by Clarke and 
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Glew in 1966. They expressed the thermodynamic 
fixnctions AS^ and ^^ Taylor series expansions 
of perterbations of the experimental temperature, T, 
from some reference tenperature, 0 • Thus, for example, 
the resultant expression for the enthalpy expansion is 
given bys 
AH^ = AH. + AC . (T - 0) 1 0 P 5" 
+ - (dAC /dT). (T - 0)^ 
2 p e 
+ - (d^AC /dT^). (T - B)^ 6 P Q 
+ — (d^AC /dT^)^ (T - 0)^ 
24 p e 
Combination of the Taylor series expansions for AH o 
and the equivalent expressions tor ajid AC° 
with the standard expressions 
P 
AG° = AH° - T AS° = RTlnK a 
produces, at a given temperature, 
R£nK * 'He - I' 
+ AC p,e ^ Y - - 1 + £nY 
. £ .dAC 
2 dT £} i ̂  - i -e 
^ , d^AC 
12 [ ̂  ^^p) I Y^ - 6Y + 3 + - + SZny dT Y 
+ 72 ( £ 
y3 _ 6y^ + 18y - 10 - - - 12JlnY 
Y 
dT 
4 - 6 
where Y = ^ 
Under normal experimental conditions, the reference 
temperature, 0 , generally chosen as 298o15°C, is located 
at about the centre of the experimental temperature 
range. This range is small when compared with the 
magnitude of 0 so that the terms in T/Q and e/T would 
approach xmity while terms in l/9 and 1/T would approach 
zero. The computational "round off errors" introduced 
by these limits may be largely alleviated by the simple 
transformation of the dependent variable expression 
in terms of a new temperature variable, x, defined as 8 
= ( 
T - Q 
0 ) 
Equation 4 - 6 then becom^ess 
RinK -AGe , AH3 ( X ) 
e 
+ AC p,e 
2 ( 
l+x 
2 y n , N̂ i-l ̂  X^ —r^ (-X) n=l n+1 
e dAC + - ^ P dT J 
X n (-x)^-l} n=l n+2 





I -il- ̂  n=l n+U ) 
4 - 7 
Equation 4 - 7 may be written as the regression 
equations 
Rln Kp = b^ + b^t^ + b^t^ + b^t^ + b^t^ + b^t^ ..... 4 - 8 
where the b^ are regression parameters, and the t^ are 
the temperature dependent variabless 
, i ^ n / \n=1 
= " ' n ^ (i^l) 
n^l 
Although the Taylor series expansions Tor AH^, 
and ^^^ normally terminated after the third 
derivative of procedure is quite general and 
may be readily adapted to suit data of any precision by 
the inclusion oT any number of additional temperature 
dependent terms» The most precise data available m.ay 
be adequately represented by an equation in four 
47 
temperature variables , so that the analysis of data to 
five temperature variables, as in the present study, is 
quite adequate e 
The lack of any explicit assumption about the nature 
of the thermodynamic functions, m_akes the use of the 
"non-empirical" Clarke and Glew relationship mathematically 
preferable to the more frequently used "empirical" 
equations. So far, however, it has not received 
widespread acceptance, possibly because of the 
computational complexities involved. Recently, a 
simplifying procedure which permits the technique to be 
47 
adopted for use with a desk calculator has been published.' 
A Fortran X¥ version of the computer programme is also 48 awaiting publication. 
CHA.PTER V 
SUBSTITUENT EFFECTS ON ACID IONISATION 
PROCESSES 
In discussing substituent eTrects on chemical 
reactivity of aromatic molecules, substituents are 
considered to exert their influence through a combination 
steric and polar effects. Steric effects are those 
associated with the physical bulk of the substituent. 
Polar effects are those which arise from changes 
in the electron-density distribution within the molecule. 
Steric and polar effects are generally considered 
to exert their influences independently of each 
other. 
(a) POLAR EFFECTS 
Polar interactions within a molecule may be 
responsible for changes in the electron - density 
distribution within a molecule generally, and in 
particular, in the acid group itseir. In azxjmatic 
molecules, these changes may be brought about by inductive 
or conjugative erfects» 
(i) Inductive Effects. 
Inductive effects refer to the permanent 
displacement of sigma electrons by the introduction 
of substituent groups of differing electro-
negativities into a molecule. By convention, the 
symbol "I" is used to denote a substituent group 
capable of exerting an inductive effect. A 
substituent group which attracts electron density 
towards itself is referred to as a substituent, 
while a group which releases electron density is 
known as a "+I" substituent. The inductive effect 
may act directly through bojids or as field effects 
through space. 
The influence of the inductive effect decreases 
rapidly as the distance of the substituent from the 
reaction centre increases, and thus, for benzene ring 
derivatives, it is greatest Tor ortho- substituents, 
and least Tor para- substituents. Ortho- derivatives 
may, in addition, exhibit peculiarities associated with 
-the proximity of the substituent to the reaction 
centre. 
(ii) Conjugative Effects. 
Polar effects which arise from the interaction 
of TT - electron systems within a molecule are known 
as "conjugative effects" and are denoted by the 
symbol "R". They become important only when the 
reaction centre £Lnd substituent affecting it both 
have a TT - electron system or p-electrons which 
are capable of entering into continuous conjugation. 
The variation in electron-density distribution which 
results, causes the conjugative effects to be 
greatest for an aromatic molecule at the ortho-
and para- positions and least at the meta-
position from where efficient conjugation cannot 
take place. Substituent groups may enter into 
conjugation with the aromatic ring system by either 
withdrawal of electron density from the ring, (-R 
substituent effect), or by the supply of electron 
density to the ring, (+R substituent effect). 
An electron withdrawing substituent will reduce 
the charge density on the acidic carboxylate groups 
by efTecting a délocalisation of negative charge. 
The degree of solvation of a molecule or ion is 
dependent upon the electron density distribution 
within the molecule or ion. In particular, electron 
density variation at potential solvation sites, of 
which the reaction zone is one, will have a proroixnd 
influence on the reactivity. Polar influences will 
therefore be expected to greatly influence the degree 
of solvation of most aromatic acid molecules. 
(b) STERIC EFFECTS ON ACID IONISATION PROCESSES. 
The concept of steric inriuence is introduced to 
account Tor several modes of interaction produced between 
two adjacent substituents, because of their physical bulk, 
St eric influences are generally considered to operate 
independently of polar effects. 
(i) Steric Inhibition of Conjugation 
For a group to exert its maximum polar conjugation, 
it is necessary for it to adopt a preferential 
conformation with the TT - electron system of the 
aromatic ring. A bulky substituent may prevent a 
large acid group or another substituent from taking 
up the desired conformation, thereby inhibiting some 
degree of conjugative interaction. When this type of 
effect is observed, polar influences and steric 
influences are often difficult to separate. 
(ii) Steric Inhibition to Solvation 
Bulky substituents adjacent to an acidic group 
or other potential solvation centre may prevent or 
restrict solvent molecules from entering the vicinity 
of the solvation site. This will prevent the degree 
of stabilisation which would otherwise have been 
expected from solvation, from being achieved. 
The rigid nature of the ring structure of aromatic 
molecules ensures that meta- and para- substituents 
are sufficiently displaced from the reaction centre for 
proximity effects to be of negligible importance. 
Substituent effects on the ionisation of meta- and 
para- substituted aromatic acids, are therefore, 
representative of polar influences. These may be 
operative through a single substituent interaction 
mechanism or through a complex interaction of inductive 
and conjugative effects. 
(c) RELATIONSHIP BETWEEN THE THERMODYNAMIC FUNCTIONS OF 
IONISATIONS ~ 
Historically, attempts to correlate chemical reactivity 
as a rixnction of molecular structiire have involved 
substituent influences as reflected in free energy changes. 
kg 
It was argued that if a chemical change affected a 
relatively small reaction zone within the molecule, the 
contribution to the free energy change which is derived 
from that part of the molecule outside the reaction zone, 
would tend to cancel. Hence, if the reaction zones and 
the changes occurring in them during the reaction of a 
series of reagents are very similar, we would expect such 
quantities as AG^ to be very similar for the series. 
Free energy, enthalpy and entropy changes are, 
however, all mutually inter-dependent, as is shown by 
equation 4 - 2s 
AG° = AH° - T AS° 
so that for any reaction series, increments in free energy 
will reflect the overall sum of the changes in enthalpy 
and entropy. It is, therefore, possible that an inter-
action which produces a significant change in the enthalpy 
or entropy terms may produce only a minor pertuxbation on 
the free energy. Such compensation will occur if both 
enthalpy and entropy increments are of the same sign. It 
is this compensatory nature of enthalpy and entropy changes 
which is observed for a great many reactions that has been 
cited as one of the major reasons for the success free 
energy changes have experienced as a basis for chemical 
correlations. 
For some reaction series, however, enthalpy and entropy 
increments do not exhibit this compensatory trend, but 
instead influence the free energy in the opposite sense. 
For such a reaction series, relatively minor changes in 
enthalpy and entropy may show as a significant change in the 
Tree energy. The use oT substituent changes on Tree energy 
as the most appropriate measure of chemical reactivity is, 
therefore, placed in some doubt. At least, the necessity 
to consider enthalpy and entropy changes in addition to 
free energy changes for discussions involving reaction 
mechanisms and substituent effects, is established. 
Leffler and Grunwald have shown that if the 
introduction of a substituent should produce a change in 
the free energy of the reaction process through a single 
interaction mechanism, the incremental effect will be 
represented by the relationships 
6AG° = ÔAH° - T6AS° 5 - 1 
and a linear relationsliip should exist between any two oT 
the extrathermodirnamic quantities 6AG°, 6AH° and 
6 A S ° . A linear trend will also exist Tor a reaction 
series in which, with more than one mechanism operating, 
one mechanism is dominajit. 
Because of their mutual dependence as defined by 
equation 5 - 1 , proportionality of any one of ÖAG^, 
6AH° or 6AS° to anyone of the others, requires that 
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all three are mutually proportional , except that when 
any two are equal, the third is necessarily zero. 
A linear relationship of the form 
ÓAH"" = 3 ÓAS"" 5 - 2 
where 3 , the proportionality constant has dimansions 
of absolute temperature, is a representation of an iso-
4 9 5 0 
equilibrium relationship . Leffler has postulated that 
at the temperature, 3 , the iso=equilibrium temperature, 
the differences in the equilibrium constants for a reaction 
series satisfying the condition of an iso-equilibrium 
series, will be zero. 
As corollaries to equation 5 - 2 , the relationships § 
ÒAG"" = ( 3 - T ) 6 A S ° 5 - 3 
ÒAG^" ^ { ^ - p òAn"" 5 - 4 
necessarily follow. 
(d) INTERNAL AND EXTERNAL EFFECTS. 
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It has been proposed by Hepler ' that the overall 
changes in enthalpy and entropy produced by substittients may 
be advantageously considered as the siam of internal and 
external contributions. 
Internal contributions are defined as those which 
would be present ±f the reaction was to be carried out in 
the gas phase when intra-molecular attractions are negligible 
Internal effects are, therefore, concerned with bond-making 
and bond-breaking forces. 
External contributions are those forces not included 
in the internal contributions. They are primarily solvation 
effects arising from the interaction of the molecules and 
ions of the acid with its solvent environment. 
The enthalpy and entropy contributions are defined by 
the relationshipss 
6AH° = + 5 - 5 
and 
«AS.^^^ + 5 - 6 
Two additional assumptions are required for the 
development of the internal/external contribution approach. 
Assumption 1 ; Changes in the internal entropy within a 
given reaction series are zero. 
i.e. 6AS. ^ = 0. 5 - 7 
Assumption 2 g Changes in the external enthalpy are 
directly proportional to the external entropy. 
i.e. 6AH , = 3 6AS . = 3 6AS° 5 - 8 ext/ a exu 9 
e o 
where 3 is a proportionality constant. Pitzer has shown 
that foT a series of similar acids, the diiTerence in internal 
entropy for an acid and its anion is negligible, thus 
supporting Assumption 1 , while evidence for Assumption 2 may 
be obtained from ion-solvent interaction models {for 54 55 X example, those of Born and Powell-Latimer ), 
From equations 5 - 5 and 5 - 8g 
6AH. ^ = 6AH® - 3 6AS° 5 - 9 int. 
and hence values of the fundamental quantity^ ôAH. m X/. 
could be calculated if the value of the proportionality 
constant, 3 , was known. 
Values of 3 for the ionisation of substituted 
phenols and acetic acids, which have a similar charge type 
56 57 58 
to benzoic acids, have been reported ' ' . Most determin-
ations indicate 3 to be very close to T. i.e. 
270 < 3 < 320 degrees. 
(e) LINEAR FREE ENERGY RELATIONSHIPS. 
(i) The Hammett Equation^^^ 
One of the most successful and widely used 
linear free energy relationships is the Hammett "pa" 
r e l a t i o n s h i p ^ ^ ' I t relies for its success on the 
fact that as the substituent in an aromatic ring is 
varied, the logarithms of the rate or equilibrium 
constants for a large number of aromatic side chain 
reactions are linearly related to one another. 
Although any one of these related reactions 
could have been chosen as the reference series, 
Hammett selected the ionisation of benzoic acids in 
o 
water at 23 C as the standard reaction process for 
his linear free energy relationship. 
The substituent constant> a^ j characteristic 
of the substituent i, was defined by the relationships 
a^ = log K^ - log K^ 
where K. and K are the acidity constants of the 1 0 
substituted and ixnsubstituted benzoic acids respectively 
It provides a measure of the polar effect of the 
substituent relative to hydrogen and is, in principle, 
independent of the nature of the reaction. 
The linear Tree energy relationship for the reaction 
j is of the forms 
log k.^ - log k^^ = p^ a. 5 - 11 
where k^^ and k^^ are the rate or equilibrium constants 
of reaction j when the substituent i is present and 
absent respectively. The parameter p defined by 
J 
equation 5 - 1 1 is knowQ as the reaction constant fcor 
reaction j. It is dependent upon the natujre of the 
reaction and the conditions imder which the reaction 
takes place, and provides a measure of the suscep-
tibility of the reaction to polar effects. For the 
ionisation of benzoic acids, p . has the value one, 
by definition. 
Discussions of the correlation of structural 
changes in the substrate molecule in terms of the 
Hammett equation have been given by Jaffe^^ and by 
Wells^. 
Certain reactions of benzene derivatives are 
known in which the reaction mechanism does not satisfy 
the necessary conditions for correlation by standard 
linear free energy relationships. To include these in 
the Hammett correlations, substituent parametezs have 
been extended by the introduction of special sets of 
eniianced substituent parameters such as a", a^ etc.^'^^' 
This procedure which relies upon the implied assumption 
that a constant deviation exists Tor each substituent 
group involved has been strongly criticised by 
Van Bekkujn, Verkade and Wepster^^ , who have shown the 
assiamption to be largely invalid. In addition, other 
sets of substituent parameters for use with other 
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aromatic system, such as naphthalene derivatives , 
pyridine derivatives and many others have been deTinedo 
ft q 
Swain and Lupton have attempted to simplify the 
complex array of substituent parameters which have 
thus been evolved. They showed that it was possible 
to represent all the various data sets by two independent 
sets of substituent param,eters| one, the "F" parameter 
to represent induetive and field effects together, and 
the other, the "R" parajneter, to represent con.jugative 
effects. By a linear combination of these two 
parameters s 
ioe, 6 log k = aF + 3R 
where a and 3 are proportionality constants. Swain 
and Lupton were able to represent to a satisfactory 
degree of precision all other available substituent 
parameters which had previously been used for 
correlating or predicting substituent effects in 
aromatic systems, 
fill (ii) The Taft Equation 
The Hammett relationship is not sufficiently 
general to include ortho- substituted derivatives, 
and many attempts have been made to develop linear 
free energy relationships capable of predicting 
the behaviour of these m,oleculeso Of the various 
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relationships, the Taft equation has experienced 
most success. Two substituent parameters are 
defined, one to represent polar influences, the 
other steric influences. 
Taft defined the polar substituent constant, 
* a , by the relationships 
= (k/kjg - log (k/kj^) 
For aromatic systems, the rate constants, k, refer 
to hydrolisis reactions of ortho- substituted benzoic 
esters, and k^ to reactions of ortho- methyl substituted 
benzoic esters as reference. The subscripts B and A 
refer to basic and acidic hydrolyses respectively, and 
1 * the factor ^ . Q was included to scale the Taft a 
values to those of the Haminett a values. The ratio 
log is considered to be composed of the sum 
or the steric, polar and conjugative effects of the 
substituent. The ratio log (k/k^)^ is made up of the 
sum of the steric and conjugative effects of the 
substituent, and the difference (log (k/k -O Jd 
log (k/k^)^) therefore gives the polar effect of the 
substituent. 
The Taft linear polar energy relationship, 
* * p a was defined ass 
/k \ * * log (- ) = p a 5 - 1 2 
o 
* 
where p is an empirical parameter dependent upon 
the polar nature of the reaction and on the reaction 
conditions. 
As hydrolysis of esters is comparatively 
insensitive to polar effects, Taft proposed that 
these reactions could be used as a suitable measure 
of steric effects. The Taft steric parameter, 
E , was defined ass s ' 
^s = )a 5 - 13 
O 
Linear combination of equations 5 - 1 2 and 5 - 1 3 
yields s 
/k \ * * log fc ) = P a + s.E^ 5 - 1 ^ 
where the proportionality constant, is a measure of 
the sensitivity of the reaction series to steric 
effects• 
Equation 5 - 1 4 may be expected to give good 
correlations for reactions in which the steric effects 
of substituents involve similar substituent 
interaction mechanisms to those in ester hydrolysis. 
(iii) The Farthing and Nam Relationships^^ 
Farthing and Nam have proposed a plajiar free-
energy relationship applicable to ortho- substituted 
reaction series for which the defining reaction was 
the ionisation of benzoic acid in water at 23°• 
As steric effects are most unlikely to be present in the 
para- substituted acids, they defined a substituent 
electronic parameter, cî , ass 
15 
If polar effects are assumed similar in both the 
ortho- and para- positions, a steric substituent 
parameter may be defined bys 
= ( ^^ortho - '̂ E 5 - 1 6 
Linear combination of equations 5 - 1 5 and 5 - 16 
yields the Tour parameter relationshipss 
6log K = p a + p a 
Jcj h, s s 
where the reaction parameters p and p are 
E s 
representive of the sensitivity of the reaction 
series of polar ajid steric erfects respectively. 
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The Tart equations , the relationships of Farthing 
and Nam^^ and similar free energy relationships which 
attempt to account for steric effects of substituents, 
depend for their success upon the substituent making a 
contribution to the observed free energy of the reaction 
through a steric interaction mechanism. The relationships 
require that the steric and polar interactions are 
independent of each other and that steric interaction may 
be represented by a simple proportionality, relative to 
the contribution of other substituents. 
Although the Taft equations, Farthing and Nam 
relationships, and other linear free energy relationships 
have achieved notable empirical success, the validity of 
the necessary assumptions required in their definitions 
3,66,67 has been strongly critxcxsed 
Charton has recently claimed that the ortho- effect 
is, for most substituents, electrical rather than steric 
in nature. The Taft E^ values for ortho- substituents 
appear to be independent of the van de Waals radius and 
functions only of electrical effects^^. Bolton^^ has shown 
that independence of polar and steric effects does not 
always hold in the presence of ortho- substituents, so that 
the ortho- effect is not strictly capable of representation 
by free energy relationships as usually formulated. 
Steric substituent parameter scales which require the 
independence of polar and steric substituent effects, must 
necessarily be restricted to reactions for which the 
assumption is true. The applicability of the Taft equations, 
the Farthing and Nam relationships, and other linear free 
energy relationships, to account for the ortho-effect in 
aromatic molecules must, therefore, be restricted to a 
very narrow range of reactions. That these relationships 
have experienced so much success in correlating many sets of 
ortho- substituent data is due, Charton suggests, to the 
variability of the ortho- electrical effect. 
CHA.PTER VI 
DETERMINATION OF THERMODYNAMIC ACIDITY 
CONSTANTS FROM SPECTROPHOTOMETRIC MEASUREMENTS 
(a) (i) Benzoic Acids by Standard Buffer Technique . 
The proton dissociation of benzoic acids, which 
7 
are acids of charge type , is represented by 
equation 3 - 2g 
HA + H^O t H^O"^ + A" 
The thermodynamic acidity constant, K , Tor this acid a 
type is given by equation 3 ~ 3s 
-»A- ^A-
J\. — J • J a — — — — 
where the "m" terms represent molal concentrations 
and the " y" terms activity co-efficients, 
In exponential notation, and on substituting 
pa^j Tor - log ("^^O"^ ^H^O"^), the thermodynamic acidity 
constant is represented by equation 3 - 4§ 
pK^ - P^H + log ( ~ ) + log ( — ) 
Incorporating the acidity function, p(ajj defined 
by equation 2 - 2 and written in the forms 
p(ay Y d ) = P^H - 6 - 1 
into equation 3 - 4 , gives 
A 
+ log ( — ) 6 - 2 
Precise values or p(ajj Yq^^) ̂ or buffers containing 
the chloride ion may be readily obtained from 
electromotive force measurements and have been 
tabulated for several buffers over a wide range of 
7 
temperature and ionic strength . (See Chapter II,Pg. 9). 
In equation 6 - 2, the ratio represents 
the ratio of the concentrations of protonated to 
uxiprotonated forms of the weak acid in the buffer 
solution» If a weak acid, HA, has a suitable 
absorption band, the ratio 
may be readily 
found from spectrophotometrie measurements. 
For dilute solutions of ionic strength less 
than 0.1, the activity co-efficient of the unionised 
acid, Tjĵ y will be approximately unity, and the 
similarity of charge type of the chloride and acid 
ion species will result in the ratio of their 
activity co-efficients being very close to imity, also. Y jĵ  C1"" The activity term, log (— ——-), will therefore be ^A" of very small magnitude and either vary linearly with 
xonic strength. , or be of such, small ma^itude that 
the measured pK̂ ^ values will appear to be independent 
of ionic strength within the precision of the method. 
Bolton and his co-workers^^'^^'^^ in their recent 
spectrophotometric determination of the thermodynamic 
acidity constants of a wide range of substituted 
phenols (also acids of charge type -l), have found 
that the experimental pK values obtained are a 
independent of ionic strength for solutions of ionic 
strength less than 0,1, 
(ii) Methyl Orange (para-dimethylaminoazobenzene 
sodiixm sulphonate) by the Standard Buffer Technique 
In aqueous solution, methyl orange may be 
considered to be the zwitterion form of the dibas 
acid at the first stage of dissociation g 
M e 
H N*" 
I M e 
N ^ N SO3H + H^O 
' H .. 
Me 
Me 
N ^ N © S0„ + H_0" 3 3 
Since sulphonic acids are strong acids this stage may-
be considered as complete. 
In the second stage ot dissociation, the true 
anion is formeds 
Me 




J N < Q > -.so; + H3O + 
Me 
* 
The thermodynamic acidity constant for the second 
ionisation step is given byg 
K = V . 6 - 3 a 
* Disagreement exists in the literature as to the nature 
of the second dissociation step. Some w o r k e r s h a v e 
postulated the hydrogen to be displaced from the amino-
nitrogen, as shorn, while others75 believe it to be 
lost from the azo-group» Since the thermodynamic 
functions of ionisation for this second stage dissoc-
iation are typical of proton transfer from the amino-
nitrogen, and inconsistent with proton loss from the 
azo-group, it would appear most likely that the protnn 
dissociation occurs from the amino-nitrogen. This 
point is currently imder investigation in this 
laboratory. 
where the "m" terms represent molal concentrations, the 
" Y" terms activity co-erricients and the "zí" refer to 
the zwitterion. 
In exponential notatioji, the thermodynamic acidity 
constant is given bys 
m + Y + 
P^a = P^H + ( + i-Z^) 6 - k 
Z ' z 
Incorporating the acidity function, p (a„ y«.), equation il 01 
6 - 1 into equation 6 - 4 , givesg 
m + 
P^a = P(^H Y d ) + z 
+ log ( — — - ) ..6 - 5 
^ z 
Evaluation of the three terms on the right hand side 
of equation 6 - 5 would permit the calculation of 
the experimental pK^ value. 
Precise values of the acidity fionction p(a y ) 
xl 0 1 
over a wide range of temperature, ionic strength, and 
7 buffer spectrum are available . (See Chapter II, Pg.9) 
The ratio:, (m +/m -) may be readily determined from z — z 
spectrophotometric measurements carried out over a 
range of ionic strengths in the buffer systems, and 
over a range of temperature. 
The similarity of charge of the chloride and 
dimethylaminoazobenzene sulphonate anion, will result 
in the ratio of their activity co-efficients being 
close to unity. The activity co-efficient of the 
zwitterion, y will be expected to be small and z— 
to decrease with increasing concentration of the 
zwitterion to only about one-third the extent of a 
normal 1-1 electrolyte, that is, of the extent that 
would be expected if the charges were free to move 
1 3 
xndependently of each other . The activity co-
efficient term, log ( (y - , y +)/ y - ), is therefore ox z — z 
expected to be small and linearly dependent upon 
ionic strength. Thermodynamic acidity constants may 
readily be obtained from a least squares regression 
analysis of experimental acidity constants versus 
temperature data for a number of dilute solutions 
extrapolated to infinite dilutiono 
(b) THE EFFECT OF THE PRESENCE OF A VEA.K ACID OR BASE 
ON THE ACIDITY OF THE BUFFER 
The presence of a small quantity of a weak acid or 
base in a standard buffer solution will produce a small 
perturbation of the acidity of that buffer. This is effected 
by the weak acid or base donating or removing protons from 
the solution and a small correction must be applied to the 
tabulated acidity function data for the buffer in order to 
allow for the proton exchange. Although the magnitude of 
the buffer correction is usually small, it is not negligible 
for work of high precision. It is often highly temperature 
dependent and so its omises ion would affect AH° and AS 
as well as . Robinson and Kiang have described a 
correction procedure which has been extensively used in 
some studies of phenol ionisation'-^'''' . However, the 
method is not general and is imsuitable for many acid-base 
systems. A more general correction procedure, suitable 
for all acid-base systems in buffers of all charge types, 
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has recently been devised In the present work, it 
has been applied to the benzoic acid and methyl orange 
systems under study by the standard buffer technique. 
To illustrate the correction procedure, we shall consider 
a standard buffer solution composed of the sodium hydrogen 
salt or a diprotic acid in combination with hydrochloric 
acid. An example of a buffer systiam of this type is the 
sodium hydrogen succinate and hydrochloric acid buffer, 
7 
listed as Table 5 in the compilations of Bates and Gary . 
This was the buffer most commonly used in the present study. 
For a buffer system consisting of sodium hydrogen 
succinate of molal concentration, m^, and hydrochloric acid 
of molal concentration, m^» the proton dissociation may be 
represented by the equations s 
H^A + H^O J HA" + H^O"^ 
HA" + H^O t A^" + H^O"^ 
Under the conditions of the particular buffer system 
considered, the proton dissociation will be restricted to 
the first ionisation stage, and the second may be neglected. 
The classical first ionisation constant of the buffer 
acid is given bys 
K^ = ' 6 - 6 
-H^A 
where "m" terms represent molal concentrations. 
The stoichiometric relationship of componnhts of the 
buffer system is given bys 

obtained from the acidity function or the buffer. This value 
was permitted to vary by a re-iterative process imtil 
equation 6 - 1 2 had converged, with sufficient precision, to 
zero. The value of so obtained, H^ , is the 
equilibrium value of the hydrogen ion concentration of the 
pure buffer under the particular conditions of temperature 
and ionic strength. 
If a small amount of an imcharged acid, BH, is added 
to the buffer system, the hydrogen ion concentration, 
of the pure buffer will be perturbed to the new 
equilibrium value, H^« The introduced acid will have the 
equilibrium conditions 
2 ^ 3 BH + H^O t B" + H^O 
and the classical ionisation constants 
= '"ĥQ'I" 6 - 13 
where m^ is the molal concentration of the added acid. 
To evaluate H^, it is necessary for the previous three 
conditions, equations 6 - 1 0 , to 6 - 12, to be satisfied 
concurrently with the new equilibrium condition, equation 
6 - 13. The set of four simultaneous equations required 
for evaluation of H2 are therefore: 
"B- = -J- , 6 - 14 
m ^ - = m^ - ra^ + . rn̂ - 6 - 15 
"ha.-X A = 3 _ 6 - 16 
Zero = ""ĥ A + "ha" - "s 6 - I7 
The initial value of '"ĥ O"'" is taken as H^ and 
subjected to similar re-iterative processes as before to 
obtain H^. 
The correction to be applied to the acidity function 
of the buffer, because of the presence of a small quantity 
of weak acid in the buffer, is then, H - H . 
I 
(c) NITROBENZOIC ACIDS BY THE INDICATOR TECHNIQUE 
For a homogeneous solution of an acid and indicator 
species, two mutually dependent proton dissociation reactions 
will be in equilibrium. 
ir the acid species be nitrobenzoic acid, then, as 
before (Page the proton dissociation is represented 
by equation 3 - 2g 
HA + H^O t + A" 
and the exponential form of the thermodynamic acidity 
constant by equation 3 - 4 8 
A Â 
For the indicator species, methyl orange, the proton 
dissociation in aqueous solution is represented bys 
(See Footnote, Page 69), 
"^NH(Me2)Ph N^PhSO^- + H^O t 
PhN^PhSO^- + Ĥ O"*" 6 - 18 
and the exponential form of the thermodynamic acidity 
constant, by equation 6 - 4s 
+ Y + 1 n / z— \ , / ' Z— \ O — 19 pK^ = pajj + log (-jjp̂ ) + log (-Y-l) 
z z 
where pK has been written in place of pK « z 
A system containing both acid and indicator species may-
be in equilibrium if and only ±f the degree of dissociation 
of the acid and indicator produce an identical pa„. From H 
equilibration of equations 3 - 4 and 6 - 1 9 8 
pajj = pK^ - log - log 
•A. A, 
m + Y + 
= pK^ - log - log 
z z 
or 
m - m -
pK^ = PK^ + log - log 
+ log ( - i - 4 - ^ ) 6 - 2 0 
To evaluate the thermodynamic acidity constant for 
nitrobenzoic acids by the indicator technique, it is 
necessary to determine the Tour terms on the right hand side 
or equation 6 - 2 0 . 
In equation 6 - 20s 
(i) the term pK^ is known from the determination 
of the thermodynamic acidity constant of 
methyl orange at several ionic strengths and 
over a range of temperature. 
m -
(ii) The term log ( — m a y be determined from 
z-
spectrophotometric measijxements . 
(iii) the term log ( - — ) may be determined from 
stiochiometric and electroneutrality 
considerations 5 as followsg 
If the molality of the nitrobenzoic acid is m.. and the 
A ̂  
molality of the indicator^ methyl orange, is m p then from 
z 
stoichiometry and equations 3 - 2 and 6 - 1 9 we have 
respectively! 
"̂ A = "^HA + "k" ... o . o o 6 - 21 
and 
m m + m -Z = z- + Z o ..... o 6 - 22 
The buffer solutions are sufficiently acidic for 
hydroxide concentrations to be negligible, From 
considerations of electroneutrality, we have § 
3 A + z 
or 
"ITT m + 4m. - m - m - . H^O + z ^ A » A + z 000.0.6 
The concentration of the hydrogen ion and methyl 
orange anion, z , will be small. 
m -
Let R = m + z-
then z = R.m + z-
which, in combination with equation 6 - 2 2 , givess 
21 = R(m - m -) ^ z z ^ 
and on rearrangement yields the computable expressiong 
z = ,o...,6 - 24 
(TTR) 
The term appearing in equation 6 - 2 3 may be 
evaluated by firstly rearranging equation 6 - 19 into the 
forms 
pa.̂  = pK^ - log i - ^ ) - log 
z z 
and then into g 
m Y + ^ r̂-
log = - pK - log + log ( ) - 25 
If the single ionic activity co-efficient product is 
replaced by the mean ionic activity co-efficient term,y 
equation 6 - 25 becomes § 
m -




-log = AZ^ /y /(I + /y ) 
was therefore used to partially evaluate the 
mean ionic activity co-efricient term, and the 
2 
omitted term, from the above equation, BZ /y , 
with B an. adjustable parameter, accounted for 
by extrapolation of apparent pK values, a 
thereby calculated at each temperature, to 
zero ionic strength, 
(c) The term, "^zt, equation 6 - 2 6 , is small and 
Y+ is less than the activity co-efficient of 
a singly charged ionic species. Since J 
itself is small, the infliience of the activity 
co-efficient of the zwitterion upon is 
best incorporated into the extrapolation 
procedure of part (B) above. 
m + m = With determ^ined, A may be evaluated 
from equation 6 = 232 
™A- = "'-z H- - ^ni^- 6 - 2 ' 
1 
which in turn can be used for the evaluation of 
from equation 6 - 21s 
" W . ™A - "A- . . . . . 6 - 2 8 
to yield the ratio, log •), for equation 6 - 2 0 . 
"̂ HA 
(iv) From equation 6 - 20^ the activity co-erficient 
T / ^z" THAX term, log { — i s expected to be small 
'z- 'A" 
and linear in ionic strength and therefore 
capable oT extrapolation to zero ionic 
strength. 
Partially corrected ionic strength 
dependent acidity constants were then 
evaluated Trom equation 6 - 2 0 and extra-
polated to zero ionic strength at each 
temperature to obtain the thermodynamic 
acidity constants. As the results given later 
show, (chapter VIIl), the plots were highly 
linear. 
(d) DIGITAL COMPUTER PROGRAMS 
All numerical analyses were carried out with an leBoM» 
1620 computer, available at the Wollongong University College. 
An interlocking system of computer programs designed 
to convert raw, experim.ental pK versus temperature data a 
into corrected th.ermodynam.ic acidity constant data from 
which enthalpy and entropy values could be calculated, was 
available. It had been written by Dr, PoD. Bolton, 
Department of Chemistry, Wollongong University College, for 
previous acid ionisation studies conducted at the College, 
It was found necessary to increase the scope of this system 
for the purposes of this study« An outline of the Acid-
Base Computer Programmée System (henceforth referred to as 
AoBcCoPcSc) is given in Appendix I. 
(i) Evaluation of pK^ from Spectrophotometric 
Measurem.ents by ^Application of Standard Buffer 
Technique 
The evaluation of experimental pK values from cL 
experimental spectrophotometric measurements was 
carried out with equation 6 - 2 for benzoic acids 
and equation 6 - 5 for methyl orange using a 
specially written generalised com^puter program,. The 
generality of the program lay in the way it was 
written. It could be used with buffer solutions having 
acidity riinction versus temperature relationships 
which could be represented by a linear, quadratic, or 
cubic function. It was also adaptable to dirferent 
acid systems by directing the use or the appropriate 
absorbance ratio Tor the evaluation of the log (salt/ 
acid) ratio. 
The program was so written to enable it to be 
incorporated into the previously existing A.B.C.P.S. 
A listing of the program, which constitutes Program 1, 
Part A of the A,B,C„P.So, is included as Appendix Il(a). 
(ii) Evaluation of Ionisation Correction for the 
Presence of a Weak Acid on the Acidity of a 
Standard Buffer, 
Experimental pK^ values obtained by the standard 
buffer technique from equations 6 - 2 or 6 - 5 require 
correction for the presence of the weak acid on the 
acidity of the buffer (Chapter 6, Section (b)). The 
re-iterative process of the correction procedure is 
well suited to the use of a digital computer, and 
general programs to evaluate the correction factor 
were available as Part B, Group I Programs of the 
A„B.C.P,S« The generality of the correction procedure, 
previously outlined in Chapter 6, Section (b) lay in the 
way in which the computer program was written. The 
input and output sections, and the re-iterative 
procedure for the determination of the equilibrium 
value or are common to all systems. The only 
parts which require changing when a move is made to 
a new buffer system or a new acid type are the two 
sets of simultaneous equations. These were therefore 
written as Fortran II subroutine subprograms, and 
called into operation at appropriate points in the 
main program. A change in the system, therefore, 
simply required replacement of the two sets of 
simultaneous equations by the two sets appropriate 
to the new system. 
As the ionisation of benzoic acids had not been 
previously investigated by the spectrophotometric 
method at this College, appropriate sets of simultaneous 
equations were not available and it was necessary, 
therefore, to construct appropriate sets for the 
evaluation of the correction factor for the presence 
of the benzoic acid on the buffer. 
(iii) Evaluation of pK^ from Spectrophotometrie 
Measurements by the Indicator Technique 
The construction of the computer program was an 
integral part of the development of the indicator 
technique used in this project for the determination 
of the experimental pK^ values of nitro-substituted 
benzoic acids via equation 6 - 2 0 . Tlie calculations 
involved were readily adaptable to the use of a digital 
computer. As measiorements were to be carried out at a 
number of ionic strengths, the ability to select the 
appropriate acidity constant of the indicator was 
built into the program. A listing of the program, 
which now constituted Program 2, Part A, of the 
A.B.C.P.S., is contained in Appendix II(b). 
(iv) The Determination of Thermod3mamic pK^ Values 
from Experimental pK^ Values. 
Ionic strength dependent pK values, experimentally a 
evaluated from equation 6 - 3 by the standard buffer 
technique, and by equation 6 - 20 by the indicator 
technique, were found to be linearly dependent upon 
ionic strength. Suitable linear extrapolation procedures 
for evaluating the thermodynamic pK values at zero a 
ionic strength were available from Part B, Group II 
Programs of the AoBoC.P.S« 
Averaging proceduxes suitable for ionic strength 
independent pK values, which were obtained from 
equation 6 - 2 for benzoic acids determined by the 
standard buffer technique, were also available from 
Part B, Group II programs of the A.B.CoP.S. 
(v) Calculation of Thermodynamic Fiuictions by the 
Method of Clarke and Glew.^^ 
The application of the Clarke and Glew set of non-
empirical equations to the evaluation of thermodynamic 
parameters from thermodynamic pK values has been a 
discussed in Chapter IV. Necessary computations were 
carried out by the Group III Programs, Part B, of the 
AoB.C.P.So These programs had been written to 
operate on the five temperature dependent regression 
equation, 4 - 8i 
RlnKp = b^ + b^t^ + b^t^ + b^t^ + b^t^ H- b^t^ 
where the b^ were regression parameters, and the t^ 
were temperature dependent parameters, 
CO n / xn-l 1 V ^t, ^ X > J-, TV (-x) 
^ n=1 ^ + + ̂  ) 
In the program, the least-squares estimates of the 
regression parameters, b̂ . , were determined by fitting 
equation 4 - 6 , firstly as the one temperature 
variable equations 
RlnK = b + b,t p o 1 1 
and then as a two temperature variable equations 
RlnK = b + b.t + b t p o 1 1 d d 
and so on to the full five temperature variable 
equation. 
With the addition of each additional temperature 
variable term to the regression equation, an 
improvement in fit of the equation to the experimental 
data generally resulted. For this improvement to be 
physically significant, it was necessary to show 
statistically that the improvement in fit was real 
and did not simply result from the decrease in the 
number of degrees of freedom of the more complex 
equation. The computer program contains a "variance 
80 
ratio F-test" to test the null-hypothesis that the 
improvement in fit resulted solely from the greater 
flexibility of the more complex equation, and that 
the observed improvement in fit, therefore, had no 
real physical significance. A percentage probability 
that this hypothesis was correct of ^ was 
generally considered acceptable. 
(vi) Development of the "Clarke and Glew, Punch", 
Program. 
The output format of the previously available 
Part B, Group III Program "Clarke and Glew, Print", 
of the AoBoC.P.S. was imsuitable for direct incorporation 
into the thesis in this study. The inclusion of 
output information from Group I and Group II Programs 
into the output of the Group III Program, was also 
desirable, and a new Program, "Clarke and Glew, Punch", 
based on the existing Group III Program, was therefore 
constructed. As the resulting program exceeded the 
relatively small core storage capacity of the computer 
(60,000 digits), it was necessary to split the program 
into two sections and by the use of an "overlay technique", 
it was possible to transfer information from the first 
sectinn program to the second section program 
automatically. This was accomplished by storing the 
necessary information in the COMMON area of the 
computer. Both sectional programs were placed on 
magnetic tape» With the aid of a machine language 
subroutine EXIT, written by Dr. P.D. Bolton, the 
loading into core storage of the second section program 
was automatically triggered by the completion of the 
first section program through a call to the subroutine, 
i.e., GALL EXIT, Similarly, the completion of the 
second section program recalled into core storage the 
first section program. The overlay technique was, 





The experimental procedures involved in the 
determination oT the thermodynamic pK^ values by the e.m.T./ 
spectrophotometric technique and subsequent evaluation of 
the thermodynamic functions of ionisation, A , AS° and 
Ac°, may be outlined ass 
(i) preparation and purification of the 
acid to be studied^ 
(ii) selection and preparation of the 
appropriate buffer for use in the 
investigation of the acidf 
(iii) spectrophotometric measurement of the 
absorbance of the various species 
at the particular wavelength and over 
the range of temperature which is 
requiredI 
(iv) evaluation of the thermodynamic pK^ 
values for the acid. The appropriate 
method for evaluation, as detailed 
in Chapter "VT, is dependent upon the 
charge type of the acid and the buffer 
system employedi 
(v) computation of th.e thermodynamic 
parameters AG°, AH°, AS° and AC° 
at 25°C by the Clarke and Glew^^ 
procedure. 
(b) SPECTROPHOTOMETRIC TECHNIQUES 
Two variations or the spectrophotometric techniques 
have been used in the aqueous ionisation studies 
conducted on substituted benzoic acids. 
The "standard bufrer" technique ̂  ̂ ^ ' ^ ^ ' » t h e 
theory of which was described in Chapter VI5 was used for 
all benzoic acidsj except the nitro- substituted acids, 
and for methyl orange (para-=dimethylaminoazobenzene 
sodium sulphonate)» The "standard burrer" method has 
previously been shown to give reliable values of Ah^ and 
Q 81 AS in studies of the ionisation of phenols ' and 
. -, . . . 43,79,82 aniliniujn 10ns ^ ' ̂  " 
The spectrophotometrie absorbance maxima of the 
protonated and deprotonated forms of the nitro»benzoic 
acids were insufficiently separated to permit the use of 
the standard buffer technique for these acids, A 
1 Od 38 Q 
spectrophotometric "indicator" technique, ' ' (the 
theory of which is described in Chapter VI, Section (b)), 
with m,ethyl orange as the indicator, was used instead« 
The acidity constants of methyl orange were m.easured 
by the variation of the spectrophotome trie standard buffer 
technique previously used successfully in deprotonation 
4 79 82 studies of anilinium ions "" ' ' 
(c) INSTRUMENTATION 
Spec troplio tome trie mea suavement s were carried out 
using an "Optica CF,̂ " manual precision spectrophotometer 
The spectrophotometer was housed in an air conditioned 
room in which the temperature was maintained close to 
20°C. 
Acidity constant measurements were carried out over a 
wide range of temperature. Control of the temperature of 
the solutions in the cells was maintained to Ì 0o05^C by 
passing a continuous flow of distilled water through the 
base and walls of the cell holder as well as through the 
outer jacket of the cell walls. The flow of water through 
the cell holder was arranged in parallel to, but opposite in 
direction from, the flow of water through the outer, jackets 
of the cell walls. The circulating water was pumped from 
a fully enclosed and insulated water bath of fifteen litre 
capacity, the temperature of which was accurately controlled 
by a "Haake E51" solid state thermostat control unit and 
"Churchill" circulating refrigerator unit. 
The temperature of the solutions in the cells was 
continuously monitored by a "Pyrex" glass jacketed 
thermistor probe connected to a "Digitec" digital 
thermometer, accurate to Ì 0.02°C, The probe was inserted 
in the water filled reference cell to a depth immediately 
above that of tlie light path. The temperature gradient 
between the cells was less than 0.05°C. 
At temperatures below ambient misting of the cell 
walls was prevented by directing a stream of dry air, 
cooled to the temperature of the water bath, into the 
cell compartment. 
Figiare 7 - 1 shows the arrangement of the experimental 
equipment used in the present study. 
Fig. 7 - i:(a) 
Solutions or methyl orctnge 
in jacketed cells and 
thermostated cell holder. 
From left to rights 
deprotonated form, 
protonated form, buffered 
solution, and water. 
Fig, 7 - 1 (b) 




(d) APPLICATION OF METHOD 
A set or tour, matched, Teflon stoppered one centimeter 
single jacketed or double jacketed Q.S. cells was used for 
all measujrementso With these cells, both the spectrophoto-
meters used were demonstrated to give a satisfactorily 
linear Beer's Law plot over the concentration/absorbance 
range used in these measiarements• 
For each set of experimental measurements, the cells 
were arranged in the orders 
(i) water, as referencej 
(ii) subject acid, buffered form; 
(iii) subject acid, fully protonated 
form; and 
(iv) subject acid, fully deprotonated 
form« 
7 
Bates and Gary have given a tabulation of values of 
the acidity function p(ajj ̂ ci^ over a wide range of 
temperatiire for a large nujnber of buffers. All of the 
standard buffers used in this work were taken from this 
set • 
Full protonation of the subject acid was effected 
by dissolving the acid in approximately loO molar 
hydrochloric acid. Approximately 0.1 molar sodium 
hydroxide (carbonate Tree) was used to efrect Tuli 
deprotonation. Both acid ajid base were stored in air-
tight glass/Teflon dispensers. 
"Blank" solutions, identical with the experimental 
solutions, but with the subject acid omitted, were 
prepared. Measurements of the absorbance oT the solutions 
were made at room temperature only for measuBements made 
at wavelengths greater than 260 nm. When measurements 
were made at wavelengths less than 260 nm, it was found 
necessary to make blank corrections over the full 
experimental temperature range because a small but 
significant temperature dependence of the relative magnitude 
of the absorbance of the blank solutions was apparent at 
such wavelengths. This dependence was found to be 
linearly related to the buffer concentration and path 
length of the cell used. To minimise the degree of 
temperature dependence of the "blank" abosrbajice measurements, 
the lowest possible buffer concentrations and shortest 
available cell path lengths ( 1 cm) were chosen for 
measurements below 260 nm. 
From a graph of absorbance against temperature for 
each of the three "blank" solutions, the appropriate "blank" 
absorbajice correction at any experimental temperature, 
could be determined. 
All determinations of* benzoic acids by the "standard" 
buffer" technique were carried out using buffers of at 
least two different ionic strengths. Some acids were 
investigated in more than one buffer. Details of 
buffers used are included in Table 7 - 1 . 
The acidity constants for the nitro-substituted 
benzoic acids, measured by the indicator technique, and 
methyl orange measured by the standard buffer method, 
required extrapolation to zero ionic strength. They were 
therefore measured at foiox ionic strengths. Extrapolation 
was carried out on a digital computer using least-squares 
methods to minimise subjective influences. 
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7a/7b 0. 02 
0. o4 
Ortho- methylbenzoic acid sodiiim hydrogen 
succinate/HCl 
5 0 . 02017 
o . o 4 o i 9 
279 1 0 6 . 5 
i 
107-8 
Ortho- methoxybenzoic acid 2 . 6 2 2 X 10 sodium hydrogen 
succinate/HCl 
5 Oo 02017 
0 . o 4 o i 9 
2 9 4 . 5 1 0 0 100-1 
1 
Ortho- chlorobenzoic acid 
Ortho- bromobenzoic acid 
Ortho- iodobenzoic acid 
-k 9.075 X 10 
-4 7.585 X 10 
-4 
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1 6 2 
Meta- methylbenzoic acid 
_h 




280. 5 111 111 - 3 
Meta- methoxybenzoic acid 
-4 
3 , 4 9 6 X 10 sodium hydrogen 
succinate/HCl 
5 0.02017 
o . o 4 o i 9 
291 1 i o „ 5 1 1 0 
Meta- chlorobenzoic acid 
-4 
6 . 5 5 9 X 10 sodium hydrogen 
succinate/HCl 
5 0 . 0 2 0 1 7 
o . o 4 o i 9 
282 1 5 8 1 5 8 
Meta- bromobenzoic acid 
4 
7 . 6 6 0 X 1 0 sodium hydrogen 
succinate/HCl 
5 0 . 0 2 0 1 7 
0 o 0 4 0 i 9 
284 1 5 6 1 5 5 
i 
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Para- methylbenzoic acid 
Para- methoxybenzoic acid 
Para- chlorobenzoic acid 
Para- bromobenzoic acid 
Para- iodobenzoic acid 
methyl orange 
(para- dimethylaminoazo-
benzene sodium sulphonate 
4.770 X 10' 
2.680 X 10 - 5 
- 5 4.3^0 X 10 
3»900 X 10~^ 
4.670 X 10"-^ 
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0001516 
0 . 0 2 0 1 7 
O0OI516 
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2 5 1 - 3 
270 
(e) PURIFICATION OF MATERIALS USED 
The benzoic acids used in the present study were 
commercial samples of A.R, quality, further purified to 
constant melting point by recryatallisation. The 
recrystallisation solvent was aqueous alcohol for para-
iodobenzoic acid and water for all other benzoic acids. 
A comparison of the melting points of the benzoic acids 
with literatiire values is contained in Tables 7 - 1 and 
7 - 2 . 
Buffer materials were selected and purified in 
accordance with details given in papers referred to by 
7 Bates and Gary . 
Methyl orange was of commercial, A„R, 
quality. 
Water used in the preparation of all solutions for 
this study was purified by distillation and subsequent 
de-ionisation via a mixed-bed ion-exchange coliojnn. 





























Meta- nitrobenzoic acid 6.213 X 10~^ 
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(r) PREPARATION OF SOLUTIONS 
(i) Benzoic acids and methyl orange for use in 
Standard Buffer Technique, Methyl orange Tor 
use in Indicator Technique» 
Stock solutions of the subject acidj about 10 
molal, were prepared and diluted 1 to 2 in the final 
preparation of the experimental solutions. The 
molality of the stock solutions, and the ultimate 
molality of the experimental solutions, were chosen 
so as to give optimum absorbance readings» The 
molal concentrations of the benzoic acids and methyl 
orange used for pK determinations are listed in a 
Table 7 » U 
The molal concentration of methyl orange when 
employed as an indicator for the measurements an 
nitro-substituted benzoic acids, is listed in 
Table 7 - 2o 
Once prepared, stock solutions were kept in the 
dark and retained no longer than two days» 
Experimental solutions were prepared from stock 
solutions immediately prior to use« 
The UoVc spectrum of solutions of the iodo-
substituted benzoic acids were found to undergo 
slight changes on exposure to light. Stock solutions 
or these acids were therefore prepared in a darkened 
room and used immediately Tor the preparation of test 
solutions. Both stock and experimental solutions 
were placed in a light-tight box during temperature 
equilibrationo Light was prevented from falling on 
the test-=solutions in the spectrophotometer between 
readings» Periodic replacement of the experimental 
solutions in the spectrophotometer was made to 
ensure no degradation of the acid had taken place« 
(ii) Nitrobenzoic Acid Buffers for Indicator 
Technique 
Buffers used with the indicator technique were 
prepared to contain the nitrobenzoic acid, half 
neutralised by sodium hydroxide (carbonate free). 
Sodium chloride was added to adjust the ionic 
strength of the buffer. Details of the nitrobenzoic 
acid buffers are included in Table 7 - 2 » 
is) FACTORS INFLUENCING THE SELECTION OF A STANDARD BUFFER, 
(i) Standard Buffer Techniques. 
Ideally, the magnitude and gradient of the acidity 
fixnction of the standard buffer with temperature should 
be identical with the magnitude and gradient of the 
experimentally obtained pK - temperature curve of the a 
acid. In practice however, the ideal situation was 
never attainable, but the choice of buffer was always 
made so as to approach this ideal as closely as 
possible. Where the choice of two buffers was 
possible, the one resembling most closely the pK a 
value of the acid at elevated temperatiires, where the 
stability of the spectrophotometer was lower, was 
cho sen. 
It was also essential that the buffers used 
exhibited little or no absorbance in the spectro-
photometric region used for the acidity constant 
measurements of the subject acids. This eliminated 
all buffers containing aromatic rings, 
(ii) Nitrobenzoic acid Buffers for Indicator Technique. 
With the standard bixffer technique, a small 
concentration of subject acid was added to a 
relatively large concentration of buffer acid. For 
nitrobenzoic acids, however, the stajidard buffer 
method could not be used because oT the poor 
separation of the absorbance bands of the protonated 
and deprotonated species of the subject acid. The 
relatively high solubility of the nitrobenzoic acids 
permitted their use as a buffer acid to which a 
small concentration of a suitable indicator acid 
was added. 
Methyl orange was chosen as the indicator acid 
because s 
(1) it possesses a suitable absorbaince 
maximum in an area well away from 
the absorbance peak of the benzoic 
acids § 
(2) the selected absorbance peak of 
methyl orange has a high molal 
extinction co-efficient, and 
(3) the measured pK^ of methyl orange 
is very similar to that of the 
meta- and para- substituted 
nitrobenzoic acids. 
In order to use methyl orange as an indicator 
acid, it was necessary to pre-determine the pK^ of 
metliyl orange over the required temperatixre range. 
Methyl orange could not be used as an 
indicator acid with ortho- nitrobenzoic acid 
because of the wide difference in their pK^»s. <x 
None of the other indicators tested was found to 
be satisfactory. 
(^) FACTORS AFFECTING SELECTION OF WAVELENGTH OF 
MEASUREMENT, ~ 
The selection of a suitable wavelength of measurement 
was controlled by the requirement that the absorbance of 
the acid, base and buffered species had to differ as widely 
., - 1c, 
as possible. The use of a wavelength coinciding with an 
absorption maximum was also advantageous since it reduced 
the sensitivity of the absorbance readings to slight 
changes in the wavelength setting. 
(i) Benzoic Acids by Standard Buffer Techniques. 
For all benzoic acids studied, the wavelength 
selected corresponded to the absorption maximum of 
the protonated form since this was always greater 
than that of the unprotonated form. 
Figure 7 - 2 shows the U,V, spectrum for ortho-
methoxybenzoic acid. It is a typical example of 
the spectrum obtained from a recording spectro-
photometer for determining the wavelength of 
operation on the "Optica CF^" manual spectro-
photometer • 
(ii) Methyl Orange by Standard Buffer Technique. 
The absorbance of the protonated form of methyl 
300 
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orange at its peak of 509 nm., showed sensitivity 
to both the nature and the concentration of the 
acid used to effect full protonation. This "salt 
effect" has been previously noted with this 
84 
compound» A wavelength of 408 nm. at which the 
absorbance of the deprotonated form was very strong 
while that of the protonated form was minimal, was 
selected as the most suitable wavelength of study. 
At this wavelength, the nature and concentration of 
acid did not appear to affect the absorbance of the 
protonated form» 
(iii) Nitrobenzoic Acids by Indicator Technique. 
The half neutralised nitrobenzoic acid buffer 
solutions were found to exhibit considerable 
absorbance below a wavelength of 413 nm. A 
wavelength of 422 nm. was therefore selected for 
measurements which involved the use of these buffers. 
At this wavelength, no relative variation of 




The tables which follow contain details of the 
experimental results for the eighteen acids studied. The 
computer program system from which the output has been 
derived is outlined in Appendix I. The following information 
is contained in the tables. 
(a) Name and molality of the acidj 
(b) Buffer type and ionic strength; 
(c) Experimentally determined pK (EXPERIMENTAL a 
PKA or EXP PKA) as evaluated from equation 
6 - 2 for benzoic acids and equation 6 - 5 
for methyl orange which were determined by 
the standard buffer technique (PART A, 
Program 1, A.BoC.P.S»), Each set of recorded 
pK values is the mean of at least six, and ^ a ' 
often in excess of ten, individual experimental 
determinations j 
(d^ The appropriate ionisation correction 
(IONISATION CORRECTION OR lONIS CORR), for the 
effect of the proton dissociation of the acid 
on the acidity function of the buffer (PART B, 
Group I, Programs AoB.C.P.S.). 
(e) The ionisation corrected pK (IONISATION * ' a 
CORRECTED PKA or CORR PKA) obtained after 
* Acid-Base Computer Program System (Appendix I, Page 278), 
applicati on oi* "fclie ionisation correction "to 
the experimental pK (PART B, Group III, 
Programs A«BoCoPoSo). 
(r) (i) For benzoic acids determined by the 
standard buffer technique, the ionisation 
corrected pK^ were found to be independent 
of ionic strength» The thermodynamic 
pK values were obtained as the average 
of the Ionisation Corrected pK ^ a 
(AVERAGE PKA), (PART B, Group II, 
Programs A.B.CoP.So). 
(ii) For methyl orange determined by the 
standard buffer techniquej the ionisation 
corrected pK was observed to be dependent a 
upon ionic strength. This was also true 
of the partly corrected pK (EXP PKA) of 
the nitrobenzoic acids determined by 
the indicator techniqixe. The pK values a 
at each temperature were extrapolated to 
zero ionic strength (EXTRAPOLATED or 
EXTRAP PKA) by a least squares procedure 
contained in PART B, Group II Programs of 
the A.B.CoP.S, The correlation co-
efficients (CORRELATION COEFFICIENT) in 
each case were always greater than O.96 
indicating the experimentally determined 
pK , or, in the case of the nitrobenzoic 
acids, the partially corrected pK , a 
varied linearly with ionic strength. In 
the determination oT the thermodynamic pK^ 
of methyl orange by the standard buffer 
technique, the slope of the extrapolation 
plots showed significant temperature 
dependence. The experimentally calculated 
slope at each temperature was therefore 
used to extrapolate the ionisation corrected 
pK to zero ionic strength. Similar a 
extrapolations for the nitrobenzoic acids 
determined by the indicator technique, 
I 
showed an insignificant dependence on 
temperature. The average slope was therefore 
calculated and used to extrapolate the 
ionisation corrected pK to zero ionic a 
strength. 
(g) Evaluation of the thermodynamic functions of 
ionisation from the thermodynamic acidity 
constants (CLARKE AND GLEW EQUATIONS), 
The full Clarke and Glew procedure to five 
temperature variables was applied to the 
thermodynamic acidity constants of the 
seventeen benzoic acids and methyl orange 
(part B, Group III, Programs A„BoCoP.S,)' In 
each case, the output showeds 
(i) the thermodynamic functions calculated by 
each of the five Clarke and Glew 
equations| 
(ii) residual sum of squares of the deviations, 
variance, and standard error in pK^ 
calculated for each of the five equations| 
(iii) standard errors in each thermodynamic i\inction 
calculated for each equation^ 
(iv) the "variance-ratio F test" applied to 
each of the five equations to test for 
the level of statistical significance^ 
(v) the equation exhibiting most significance 
was then used to calculate the pK̂ ^ values a 
at each temperature (CALCULATED PKA or 
CALC PKA.) for comparison with experimentally 
obtained pK values» ^ a 
Benzoic acid was studied in sodium, hydrogen 
succinate/hydrochloric acid buffer at four ionic 
strengths over a temperature range of to 
and in acetic acid/sodium acetate/hydrocliloric 
acid buffer at two ionic strengths over a 
o o 
temperature range of 5 to 60 C, For comparison, 
complete details of the Clarke and G-lew procedure 
output for benzoic acid in each buffer at each 
ionic strength, are included. In addition, 
output has been included for the means of each 
buffer system as well as the average of these 
two means. For the other acids steadied, Clarke 
and Glew output for iiidividual ionic strengths 
has generally been omitted. 
11 7 
THE EXPERIMENTAL RESULTS ARE ARRANGED IN 
THE FOLLOWING ORDER; 
COMPOUND PAGE NUMBER 
(a) Benzoic Acids Table 3 Mean 1 1 9 
(I) I = 0.01316 122 
(II) I = 0.02017 124 
(III) I = o.o4oi9 126 
(IV) I = 0.06020 128 
(b) Table 7a/7b Mean 130 
(I) I = 0.02 133 
(II) I = o.o4 133 
(c) Average of Means 137 
2. meta- methylbenzoic acid 139 
3. meta- methoxybenzoic acid 142 
4. meta- cJalorobenzoic acid 145 
3. meta- bromobenzoic acid 148 
6. meta- nitrobenzoic acid 131 
7, para- methylbenzoic acid 
(l) Table 8 I = 0,04l8 133 
(II) Table 7a/7b I = 0.01 133 
8. para- methoxybenzoic acid 
(l) Tables 3/8 Mean 137 
(ll) Table 7a/7b I = 0.01 l60 
9, para- dilorobenzoic acid 
10. para- bromobenzoic acid 
1 18» 
COMPOUND PAGE NUMBER 
11. para- iodobenzoic acid 168 
12. para- nitrobenzoic acid 1 71 
13. ortho- methylbenzoic acid 173 
14. ortho- methoxybenzoic acid 176 
15. ortho- chlorobenzoic acid 179 
16. ortho- bromobenzoic acid 182 
17. ortlio- iodobenzoic acid 185 
18. methyl orange 188 
sodium sulphonate) 
1 19 
1 . (A ). BENZOIC AC ID TABLF 5 MFAN 
EXPER IMENTAL VALUES OF PKA AND I O N I S A T I O N CORRECTIONS 
I ONIC 
STRENGTH r\ « w 1516 .02 C17 
EXP 1 ON IS EXP 1 ON IS 
TEMP PKA CORR PKA CORR 
5 ¿1,272 - . 0 5 2 ¿+.260 - .0¿+0 
10 - . 0 5 1 ¿+.250 - . 0 3 9 
15 - . 0 5 1 ¿+.2¿+3 - . 0 3 9 
20 ¿+»251 or n ¿+«239 - . 0 3 8 
25 ¿ f ,250 - .0 ¿+9 ¿+.239 - . 0 3 8 
30 ¿1.252 - .0 ¿+9 ¿+.2¿+0 - . 0 3 7 
35 ¿ f .258 -.0¿+8 ¿+.2¿+¿+ - . 0 3 6 
40 ¿+.263 -.0¿+7 ¿+.251 - . 0 3 6 
45 ¿+.269 - .0 ¿+6 ¿+.257 - . 0 3 5 
50 ¿+.277 -.0¿+5 ¿+.265 - . 0 3 5 
I ONIC 
STRENGTH ,0^+019 06020 
TEMP 











4 . 2 4 1 
4 . 2 3 2 
4 . 2 2 5 
4 . 2 2 0 
4 . 2 2 0 
4 . 2 2 3 
4 . 2 2 7 
4 . 2 3 4 
4 . 2 4 1 
4 . 2 5 0 
1 ONIS EXP 1 ONIS 
CORR PKA CORR 
non — . w Z ¿+.235 - . 0 1 3 
non 
— c »̂ Z vy ¿+.226 - . 0 1 3 
nn n —. wZ ¿+.219 - . 0 1 3 
- . 0 1 9 ¿+.215 - . 0 1 3 
- . 0 1 9 ^.21¿+ - . 0 1 3 
- . 0 1 9 ¿+.217 - . 0 1 3 
- . 0 1 8 4 . 2 2 1 - . 0 1 2 
- . 0 1 8 ¿+.227 - . 0 1 2 
- . 0 1 8 ¿+.23¿+ - . 0 1 2 
- . 0 1 8 ¿+.2¿+2 - . 0 1 2 
1 . (A ) . BENZOIC A C I D TABLE 5 MEAN 
M O L A L I T Y OE A C I D = . 0 0 1 2 3 ^ 
BUEEER 
SODIUM HYDROGEN SUCCINATE / HCL TABLE 5 
PKA CALCULATED BY 2 V A R I A B L E CLARKE AND GLEW EQUATION 
1 = . 0 1 5 1 6 . 0 2 0 1 7 . 0 4 0 1 9 no o KJO^ ¿. w 
TEMP CORR CORR CORR CORR AVERAGE CALC 
PKA PKA PKA PKA PKA PKA 
5 ¿+.220 4 . 2 2 0 4 . 2 2 1 4 . 2 2 2 4 . 2 2 1 4 . 2 2 0 
10 4 . 2 1 1 4 . 2 1 2 4 . 2 1 3 4 . 2 1 2 4 . 2 0 9 
15 k.2CS 4 . 2 0 4 4 . 2 0 5 4 . 2 0 6 4 . 2 0 5 4 . 2 0 1 
2 0 4 . 2 0 1 4 . 2 0 1 4 . 2 0 2 4 . 2 0 1 4 , 1 9 8 
25 ¿ f , 2 0 1 4 . 2 0 1 4 . 2 0 1 4 . 2 0 1 4 . 2 0 1 4 . 1 9 8 
3 0 ¿+.203 4 . 2 0 3 4 . 2 0 4 4 . 2 0 4 4 . 2 0 4 4 . 2 0 1 
35 4 . 2 1 0 4 . 2 0 8 4 . 2 0 9 4 . 2 0 9 4 . 2 0 9 4 . 2 0 7 
¿+0 4 . 2 1 6 4 . 2 1 5 4 . 2 1 6 4 . 2 1 5 4 . 2 1 6 4 . 2 1 6 
kS 4 . 2 2 3 4 . 2 2 2 4 . 2 2 3 4 . 2 2 2 4 . 2 2 3 4 . 2 2 7 
5 0 4 . 2 3 2 4 . 2 3 0 4 . 2 3 2 4 . 2 3 0 4 . 2 3 1 4 . 2 4 1 
F TEST OF LEVEL OF S I G N I F I C A N C E 
EQUATION NUMBER 2 3 4 5 1 
DEGS OF FREEDOM 7 6 5 h 
VALUE OF F R A T I O 4 8 9 ^ 8 4 6 14 . 5 6 2 19 . 2 8 5 18 . 3 3 1 
NO» S I G N I F I C A N C E A mm 
PERCENT e 1 1 . 0 1 . 0 2 . 5 
1. (A). BENZOIC ACID TABLF 5 MFAN 
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EQUATION RES ID SUM SQS VARIANCE 
NUMBER R LN K R LN K 
STD ERROR 
PKA 
1 .164283E -01 .205354E -02 o99C360E -02 
2 .231456E -03 o33C651E -04 . 125668E -02 
3 .675378E -04 .112563E -04 .733229E -03 
4 .139C51E -04 .278102E -C5 .3 6445 5 E -03 




DELTA G -4 .3 068 -.8190 -.4863 - .2991 -.1475 
DELTA H 89 .74 1 1 .67 16,91 9 .10 7 .20 
DELTA S .0146 .0394 .0565 .0306 .0240 
DELTA CP n nnnn w . w w w w 1 .8029 1 ,1561 1.9151 1.1077 
DCP/DT n nnnnn w • w w w w w o w . nnnnn w w w w w • 26110 .15900 .30245 
D2CP/DT2 o nonoo w . w w w w w O w . orvr>or> w w w w w o w o onono KjyjyjyjKJ .04498 
D3CP/DT3 o nnnnn w . w w w w w n w . nnnnn w w w w w r> W 0 nnnnn w w w w w n nnnnn W e W W W W W .00978 
1 . ( A ) ( l ) . BENZOIC ACID TABLE 5 1=0.01516 
MOLALITY OF ACID = .001234 
BUFFER 
SODIUM HYDROGEN SUCCINATE / HCL TABLE 
IONIC STRENGTH OF BUFFER = ,01516 
PKA CALCULATED BY 2 VARIABLE CLARKE AND GLEW EQUATION 
IONISATION 
TEMP IONISATION EXPERIMENTAL CORRECTED CALCULATED 
CORRECTION PKA PKA PKA 
5 - . 0 5 2 4 .272 4 .220 4 .220 
10 - , 0 5 1 4 .263 4 ,212 4 ,208 
15 - . 0 5 1 4O256 4,205 4 ,201 
20 — . w p w 4 ,251 4 ,201 4 .197 
25 4 .250 4 .201 4 .197 
30 4 .252 4.203 4 .200 
35 - .048 4 .258 4 .210 4 .207 
ko - ,047 4 ,263 4 .216 4 .216 
45 - . 0 4 6 4 ,269 4,223 4 ,228 
50 - ,045 4 ,277 4 ,232 4.243 
F TEST OF LEVEL OF S IGN IF ICANCE 
EQUATION NUMBER 
DEGS OF FREEDOM 
VALUE OF F RATIO 
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25. 
1 . ( A ) ( l ) . BENZOIC ACID TABLE 5 I —kj 1516 
CLARK AND GLEW EQUATIONS 
NUMBER OF 
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EQUATION RES ID SUM SQS 
NUMBER R LN K 
VARIANCE 
R LN K 
STD ERROR 
PKA 
1 .165382E -01 ,206728E -02 .993669E -02 
2 .230702E -03 .329574E -04 .125463E -02 
3 01405C3E -03 o234172E -04 0IO5757E -02 
4 ,670193E -04 c134038E -04 .800123E -03 
5 „316564E -04 o791410E -05 .614812E -03 
STANDARD ERRORS 
NUMBER OF 
VAR IABLES 1 2 3 4 5 
DELTA G -4 .3212 -.8176 - .7015 - . 6 5 6 6 - .5258 
DELTA H 90 .04 11 .65 24 .39 19.98 25.67 
DELTA S .0146 .0394 .0815 .0673 .0858 
DELTA CP n nnnn 1 Qnnn e OkJKJKJ 1.6675 it.20if4 3.9it92 
DCP/DT n nnnnn W 0 W W W vy w n . nnnnn .37660 .3't907 1.07827 
D2CP/DT2 n nnnnn n • nnnnn w w w w w n nnnnn .09875 .10721 
D3CP/DT3 n nnnnn w . w w w w w n . nnnnn n nnnnn n nonno W « \ J \ J K J \ J K J .03^^88 
12/i 
1.(A)(l 1). BENZOIC ACID TABLE 5 1=0.02 017 
MOLALITY OF ACID = : .001234 
BUFFER 
SODIUM HYDROGEN SUCCI NATE / HCL TABLE 5 
IONIC STRENGTH OF BUFFER = .020 17 
PKA CALCULATED BY 2 VARIABLE CLARKE AND GLEW EQUATION 
1 ON 1 SAT 1 ON 
TEMP 1 ON 1 SAT 1 ON EXPERIMENTAL CORRECTED CALCULATED 
CORRECTION PKA PKA PKA 
5 -.040 4.260 4.220 4.219 
10 -.039 4.250 4.211 4.209 
15 -.039 4.243 4.204 4.202 
20 -.038 4.239 4.201 4.199 
25 -.038 4.239 4.201 4.199 
30 -.037 4.240 4.203 4.201 
35 -o036 4.244 4.208 4.207 
40 -.036 4.251 4.215 4.214 
45 -.035 4.257 4.222 4.224 
50 -.035 4.265 4.230 4.237 
F TEST OF LEVEL OF SIGNIFICANCE 
EQUATION NUMBER 
DECS OF FREEDOM 


















n r> KJ , \J 
1 . ( A ) ( l I ) . BENZOIC A C I D TABLE 5 I = C . C 2 C 1 7 
CLARK AND GLEW EQUATIONS 
NUMBER OF 





D C P / D T 
D 2 C P / D T 2 
D 3 C P / D T 3 
- 1 1 K 9 5 
- 1 9 . 2 7 
n nnnn 
W e W W W W 
n nnnnn 
w • v-/ w w 
n nnnnn 
W e KJ yj KJ 
n nnnnn 
W e W W W W W 
5 7 3 1 . 6 5 
- 5 6 . 5 9 
- 1 9 . 4 1 
• 3 8 . 9 8 4 5 n n n n n n 
W a W W W W W 
n n n n n n 
W O W W W W W 
n n n n n n 
5 7 3 1 . 3 6 
- 1 C 7 . 1 C 
- 1 9 . 5 8 
4 0 , 5 4 9 1 
. 8 5 1 8 8 
n 
n 
n n n n n ^KJKJKJKJ 
nnnnn KjyjKjyjKj 
5 7 3 0 . 8 0 
- 9 6 . 1 0 
- 1 9 . 5 4 
• 4 6 . 3 0 3 1 
. 5 6 2 5 7 
. 1 4 1 6 7 
n n n n n n 
W e W W W W W 
5 7 3 0 . 7 7 
- 1 0 1 . 4 7 
- 1 9 . 5 6 
• 4 6 . 8 9 5 4 
. 8 3 4 9 0 
. 1 6 1 4 2 
_ n n n n Q 
EQUATION 
NUMBER 
RES ID SUM SQS 
R LN K 
VARIANCE 
R LN K 
STD ERROR 
PKA 
1 , 1 5 6 1 6 4 E - 0 1 . 1 9 5 2 0 5 E - 0 2 . 9 6 5 5 7 7 E - 0 2 
2 . 1 5 7 5 3 9 E - 0 3 , 2 2 5 0 5 6 E - 0 4 . 1 0 3 6 7 8 E - 0 2 
3 . 3 7 7 2 3 C E - 0 4 , 6 2 8 7 1 8 E - 0 5 . 5 4 7 9 8 6 E - 0 3 
4 , 1 0 1 3 4 9 E - 0 4 . 2 C 2 698E - 0 5 . 3 1 1148E - 0 3 
5 . 9 5 9 6 8 2 E - 0 5 , 2 3 9 9 2 0 E - 0 5 . 3 3 8 5 1 3 E - 0 3 
STANDARD ERRORS 
NUMBER OF 





D C P / D T 
D 2 C P / D T 2 
D 3 C P / D T 3 
. 1 9 9 0 
8 7 . 5 0 
<.0142 
n n n n n W « \J\J\JKJ 
n nnnnn \J e \U\JKJ\J\J 
n nnnnn KJ a vy W W 
n n n n n n 
- . 6 7 5 6 
9 . 6 3 
. 0 3 2 5 
1 . 4 8 7 4 
n n n n n n 
W e W W W * - » « - / 
n n n n n n 
W e W W W W W 
n n n n n n 
w o w w w w w 
- . 3 6 3 4 
1 2 , 6 4 
. 0 4 2 2 
. 8 6 4 0 
. 1 9 5 1 4 
n n n n n n 
W a W W W W W 
n w n n n n n w w w W W 
- . 2 5 5 3 
7 . 7 7 
. 0 2 6 1 
1 . 6 3 4 9 
. 1 3 5 7 4 
, 0 3 8 4 0 
n n n n n n 
W a w w w W W 
- . 2 8 9 5 
1 4 . 1 3 
. 0 4 7 2 
2 . 1 7 4 4 
. 5 9 3 6 9 
. 0 5 9 0 2 
. 0 1 9 2 0 
1 . ( A ) ( l l l ) . BENZOIC ACID TABLE 5 1=0.01^019 
MOLALITY OF ACID = .00123^ 
BUFFER 
SODIUM HYDROGEN SUCCINATE / HCL TABLE 5 
IONIC STRENGTH OF BUFFER = .0^+019 
PKA CALCULATED BY 2 VARIABLE CLARKE AND GLEW EQUATION 
I ON I SAT I ON 




5 no r\ 
10 _ non 
15 non — » wZ, w 
20 - . 0 1 9 
25 - . 0 1 9 
30 - . 0 1 9 
35 - .018 
40 - . 0 1 8 
kS - .018 
































F TEST OF LEVEL OF S IGN IF ICANCE 
EQUATION NUMBER 
DEGS OF FREEDOM 
VALUE OF F RATIO 

















1 . ( A ) ( l l l ) . BENZOIC ACID TABLF 5 \=O.CkO]3 
CLARK AND GLEW EQUATIONS 
NUMBER OF 









""1 18 . CC 
-19 .27 
n nnnn W o v̂  W W W 
o nnnnn KJ » W W W W W 
n nnnnn W e W W W W W 





o nnnnn \J a \J i^yjKJKJ 
n nnnnn \J « w w w w w 
n nnnnn KJ O W W W W W 























EQUATION RES ID SUM SQS 
NUMBER R LN K 
VARIANCE 
R LN K 
STD ERROR 
PKA 
1 .169765E -01 ,212207E -02 
2 .17C395E -03 .243421E -04 
3 .560883E -C4 .934805E -05 
4 .233399E -04 .466799E -05 




















n nnnn \J . w w v̂  v̂  




1 o r v i 
I W . I 
^338 Kj 
1.5469 
n nnnnn W a W vy W W W 
r> nnnnn 
















n nnnnn \J . w w w w w 
-.1822 
8 . 8 9 





1. (A)(IV). BENZOIC ACID TABLF 5 |=C.C6C2C 
MOLALITY OF ACID = ,001234 
BUFFER 
SODIUM HYDROGEN SUCCINATE / HCL TABLE 5 
IONIC STRENGTH OF BUFFER = .06020 










5 -.013 4.235 4.222 4.221 
10 -.013 4.226 4.213 4.210 
15 -.013 4.219 4,206 4.202 
20 -.013 4.215 4.202 4.199 
25 -.013 4.214 4.201 4.198 
30 -.013 4.217 4,204 4.201 
35 -.012 4.221 4.209 4.207 
k c -.012 4.227 4.215 4.215 
45 -.012 4.234 4.222 4.226 
50 -.012 4.242 4.230 4.239 
F TEST OF LEVEL OF SIGNIFICANCE 
EQUATION NUMBER 
DEGS OF FREEDOM 



















1 . ( A ) ( I V ) , BENZOIC ACID TABLE 5 l=C.C6C2C 
CLARK AND GLEW EQUATIONS 
NUMBER OF 








5 7 4 6 . 2 0 
- 9 1 . 3 8 
- 1 9 . 2 7 
o nnnn w o KjyjKJ^ 
n nnnnn 
n nnnnn 
n nnnnn \J o \J\J\J\J\J 
5 7 3 2 . 8 9 
- 3 5 . 5 1 
-19.3^+ 
•39.3436 
o nnnnn \J a W W W v-/ W 
r> nnnnn KJ « \J\J\JKJ\J 
n nnnnn \J e \J\JKJ\J\J 
5732 .60 
-8 Ì J . 76 
- 1 9 . 5 1 
•40.8689 
.83049 
n nnnnn yj a \j\jyj\j\j 
n nnnnn \J a \J\J\JKJ\J 
5731 .66 
-98 .13 
- 1 9 . 5 5 





- 7 0 . 1 7 
- 1 9 . 4 6 
.44679 
.18789 
n nnnnn \J e \J\J\J\J\J 
EQUATION R E S I D SUM SQS VARIANCE 
































n nnnn KJ a 
n nnnnn . \j\j\j\j\j 
n nnnnn 







n nnnnn \j » \jKj\jyu\j 
3 4 5 
-.4881 -.3543 -.2069 
16.97 10.78 1 o in 1 W . 1 V./ 
.0567 .0363 .0337 
1.1604 2.2687 1 .5538 
.26208 .18836 .42424 
0.00000 .05328 .04218 
0.00000 n nnnnn \J a \j\j\jyj\j .01372 
1 . ( B ) . BENZOIC AC ID TABI F 7A/7B MEAN 
EXPERIMENTAL VALUES OF PKA AND IONISAT ION CORRECTIONS 
ONIC 
STRENGTH .02 non w w • ono vy 
EXP 1 ON IS EXP 1 ON IS 
TEMP PKA CORR PKA CORR 
5 4 . 3 0 1 » vvOw 4 . 2 6 1 -.Oi+I 
10 4 . 2 9 1 _ non • \JO\J 4 . 252 -.0^+1 
15 4 . 2 8 4 _ nQo « yjQyj 4 . 245 - . 0 4 1 
20 4 . 2 8 1 a \JO\J 4 . 242 - . 0 4 1 
25 4 . 2 8 1 • \uO\J 4 . 2 41 - . 0 4 1 
30 4 . 2 8 4 o wOv-» 4 . 243 - . 0 4 1 
35 4 . 2 9 0 _ noo ~ e wO w 4 . 2 4 8 - . 0 4 0 
hG 4 . 2 9 6 4 . 255 _ nJ, n 
kS 4 . 3 0 6 — ^ÇK^ 4 , 262 _ ni, n 
50 4 . 3 1 5 e wO W 4 . 272 _ n/, n 
55 4 . 3 2 7 _ non 4 , 281 _ n/, n 
60 4 . 3 4 2 — 4 . 292 _ ni, n 
1, ( R ) BENZOIC ACID J A B I E 7A/7B MEAN 
MOLALITY OF ACID = .00123^ 
BUFFER 
ACETIC ACID / SODIUM ACETATE / NACL TABLE 7A/7B 
PKA CALCULATED BY 2 VARIABLE CLARKE AND GLEW EQUATION 
no ooo 
\J C. \JKJ\J 
n L n n n • wH w w w 
TEMP CORRECTED CORRECTED AVERAGE CALC 
PKA PKA PKA PKA 
5 ¿f.221 ¿4.220 ¿+.221 4 .217 
10 k.2]] ¿+.211 ¿+.211 4 . 2 0 6 
15 ¿+.20¿+ ¿+.20¿+ 4 .200 
20 ¿f .201 ¿+.201 ¿+.201 4 .197 
25 ¿f .201 ¿+.200 ¿+.201 4 .197 
30 ¿+.202 ¿+.203 4 .200 
35 4 .210 ¿+.208 ¿+.209 4 .205 
kc ¿+.216 ¿+o215 ¿+.216 4 .214 
kS ¿+.226 ¿+.222 ¿+.22¿+ 4 .224 
50 ¿+.235 ¿+.232 ¿+.23¿+ 4.237 
55 ¿+.2̂ +7 ¿+.2¿+1 ¿+.2¿+¿+ 4 .252 
60 ¿+.262 ¿+.252 ¿+.257 4 .270 
F TEST OF LEVEL OF S IGN IF ICANCE 
EQUATlON NUMBER 2 3 4 
DECS OF FREEDOM 9 8 7 
VALUE OF F RATIO 1096.¿+61 5¿+ .980 .037 
NO, S I G N I F I C A N C E 






1. ( R ) . BENZOIC ACID TABLE 7A/7B MEAN 
CLARK AND GLEW EQUATIONS 
NUMBER OF 
VAR IABLES 1 
EQUATION 
NUMBER 
RES ID SUM SQS 
R LN K 
VARIANCE 
R LN K 
STD ERROR 
PKA 
1 .378256E -01 .378256E -02 .13441 lE-01 
2 .307953E -03 .34217OE -04 . I27838E-O2 
3 .391173E -04 .488966E -05 .483260E-03 
4 .389096E -04 .555852E .515254E-03 
5 .185758E -04 .309596E -vO .384538E-03 
STANDARD ERRORS 
NUMBER OF 

















-19. i ts 
•39.417 n 
r\ nnnnn yj o w w w w w 
n nnnnn 













4 3 . 6 5 5 5 
.71621 
— •0053 0 

















. 03 60 
n nnnn \J e \JKJKJ\J 
n nnnnn \J a \J\JKJ\J\J 
n nnnnn 
















n nnnnn \J a \J\J\J\J\J 















1 . ( B ) ( I ) . BENZOIC A C I D tABLF 7A/7B 1=^ .02 
MOLAL ITY OF A C I D = . 0 0 1 2 3 ^ 
BUFFER 
A C E T I C A C I D / SODIUM ACETATE / NACL TABLE 7A/7B 
ION IC STRENGTH OF BUFFER = 2 non 
PKA CALCULATED BY 2 VAR IABLE CLARKE AND GLEW EQUATION 
I O N I S A T I O N 
EXPER IMENTAL TEMP ON I SAT I ON CORRECTED 
CORRECT ION PKA PKA 
5 ^ a ^JO'U i f .301 4 . 2 2 1 
10 ~ , \JOKJ 4 . 2 9 1 4 . 2 1 1 
15 _ non 4 . 2 8 4 4 . 2 0 4 
20 — . wOw 4 . 2 8 1 4 . 2 0 1 
25 " " o \JO\J 4 . 2 8 1 4 . 2 0 1 
3 0 — . KJO\J 4 . 2 8 4 4 . 2 0 4 
35 _ nOo 4 . 2 9 0 4 . 2 1 0 
kO _ OQO 4 . 2 9 6 4 . 2 1 6 
kS _ n o n — . \jO\J 4 . 3 0 6 4 . 2 2 6 
5 0 — . wOw 4 . 3 1 5 4 . 2 3 5 
55 
_ oQn — « wOw 4 . 3 2 7 4 . 2 4 7 
60 n Q n — o ^O^J 4 . 3 4 2 4 . 2 6 2 
CALCULATED 
PKA 
i f . 2 16 
4 . 2 0 6 
¿ f .200 
4 . 1 9 7 
4 . 1 9 7 
4 . 2 0 1 
4 . 2 0 7 
4 . 2 1 5 
4 . 2 2 6 
4 . 2 3 9 
4 . 2 5 5 
4 . 2 7 2 
F TEST OF LEVEL OF S I G N I F I C A N C E 
EQUATION NUMBER 
DEGS OF FREEDOM 
VALUE OF F R A T I O 




1 8 7 4 . 0 5 0 
3 
8 
1 0 . 1 6 6 
4 
7 
2 . 5 8 0 
5 
6 
7 . 6 1 6 
.1 2 . 5 2 5 . 0 5 . 0 
1 . ( B ) { | ) BENZOIC A C I D TABI E 7 A / 7 B I 
CLARK AND GLEW EQUATIONS 
NUMBER OF 





D C P / D T 
D 2 C P / D T 2 
D 3 C P / D T 3 
5 7 ^ 9 . 8 0 
- 3 3 1 . 2 5 
n n o o n 
\J « \J\JKJ\J 
o ooooo 
KJ o \ J \ J \ J \ J \ J 
o ooooo 
\J a W W W W W 
o ooooo W e W W W W W 
5 7 3 2 . 3 2 
-83.28 
- 1 9 . 5 0 




W a w w w w w 
O OOOOO W , \ J \ J \ J \ J \ J 
5 7 3 1 . 5 8 
- 1 1 2 . 7 7 
- 1 9 . 6 0 
.¿f ¿1.5 0 9 4 




\ j y j \ j \ j \ j 
OOOOO 
\ J \ J \ J \ J \ J 
5 7 3 1 . 8 3 
- 1 3 2 . 9 5 
- 1 9 . 6 7 
• i t 2 . 2 8 7 6 
. 8 2 7 6 7 
- . 0 5 6 8 5 
O OOOOO 
5 7 3 1 . 2 2 
- 1 ^ + 3 . 7 8 
- 1 9 . 7 0 
- Ì + 9 . H 9 8 
1 .¿+1858 
. 1 2 1 9 5 
- . 0 2 5 5 6 
E Q U A T I O N RES ID SUM SQS 
NUMBER R LN K 
VARIANCE 
R LN K 
STD ERROR 
PKA 
1 .¿+20568E - 0 1 . ¿ f 2 0 5 6 8 E - 0 2 . 1 4 1 7 2 9 E - 0 1 
2 , 2 0 1 0 0 9 E - 0 3 . 2 2 3 3 4 4 E . 1 0 3 2 8 3 E - 0 2 
3 . 8 8 5 1 9 ^ + E o l 106^f9E - 0 4 . 7 2 6 9 6 9 E - 0 3 
. 6 4 6 7 8 3 E -0^1 . 9 2 3 9 7 6 E - 0 5 . 6 6 4 3 1 2 E — 
5 . 2 8 4 9 9 0 E - 0 4 - 0 5 . 4 7 6 3 0 0 E 
STANDARD ERRORS 
NUMBER OF 





D C P / D T 
D 2 C P / D T 2 
D 3 C P / D T 3 
1 
- 5 . 9 8 2 9 
100.62 
. 0 3 7 9 
o oooo 
W . \J\J\JKJ 
o ooooo 
W a \ J \ J \ J \ J \ J 
o ooooo v-» • www WW 
O OOOOO w , w w w w w 
- . 5 9 i t 1 
9 . 3 0 
. 0 3 1 6 
. 9 6 1 7 
O OOOOO w.wwwww 
O OOOOO w • w w w w w 
O OOOOO w.wwwWW 
- . 4 7 9 1 
1 1 . 3 3 
. 0 3 7 5 
1 . 1 2 7 7 
. 1 3 7 9 6 
O OOOOO w.wwwww 
O OOOOO w.wwwww O w 
- . i f 6 6 2 
1 6 . 2 7 
. 0 5 i t 7 
1 . 7 2 i t 8 
. 2 7 2 3 5 
. 0 3 5 3 9 
OOOOO www WW 
- . i t 0 0 7 
1 2 . 3 1 
. 0 4 1 1 
2 . 7 7 6 9 
. 2 8 9 7 8 
6 9 5 8 
l . ( B ) ( l 1 ) . BENZOIC ACID TABLF 7A/7B 1= r» oj. 
MOLALITY OF ACID = = .CC123it 
BUFFER 
ACETIC ACID / SOD lUM ACETATE / NACL TABLE 7A/7B 
IONIC STRENGTH OF BUFFER = .04 KJ\J\J 
PKA CALCULATED BY 2 VARIABLE CLARKE AND GLEW EQUATION 
1 ON 1 SAT 1 ON 
TEMP 1 ON 1 SAT 1 ON EXPERIMENTAL CORRECTED CALCULATED 
CORRECTION PKA PKA PKA 
5 it.261 4 . 2 2 0 4 . 2 1 7 
10 - , 0 4 1 k.2S2 4.211 4 . 2 0 6 
15 -•041 k.2kS 4 . 2 0 4 4 . 1 9 9 
20 - , 0 4 1 4 . 2 4 2 4.201 4 . 1 9 6 
25 - . 0 4 1 4.241 4 . 2 0 0 4 . 1 9 5 
30 - , 0 4 1 4 . 2 4 3 4 . 2 0 2 4 . 1 9 8 
35 - , 0 4 0 4 . 2 4 8 4 . 2 0 8 4 .203 
40 _ rkii n —, 4 . 2 5 5 4 . 2 1 5 4 .212 
¿f5 — r^L^ — a 4 . 2 6 2 4 .222 4 . 2 2 2 
50 _ nhn 4 . 2 7 2 4 .232 4 .235 
55 — o yj'-fyj 4.281 4.241 4 . 2 5 0 
60 _ nhn 4 . 2 9 2 4 .252 4 . 2 6 8 
F TEST OF LEVEL OF S IGNIF ICANCE 
EQUATION NUMBER 
DECS OF FREEDOM 
VALUE OF F RATIO 

















r\ n \j » \j 
l - ( B ) ( l l ) . BENZOIC A C I D TABLE 7 A / 7 B I 
CLARK AND GLEW EQUAT 1 ONS 
NUMBER OF 
VARIABLES 1 2 3 k 5 
DELTA G 5 7 ^ 7 . 5 9 5 7 3 1 . 9 8 5 7 3 0 . 6 7 5 7 3 0 . i t C 5 7 2 9 . 8 9 
DELTA H - 2 7 5 . 3 0 - 5 3 . 8 6 - 1 0 5 . 7 5 - 8 i t . 6 8 - 9 3 . 7 0 
DELTA S - 1 9 . 3 8 - 1 9 . 4 0 - 1 9 . 5 7 - 1 9 . 5 0 - 1 9 . 5 3 
DELTA CP o n n n n •11 A l - i t 2 . 2 3 8 6 - 4 4 . 5 5 8 8 -5 0 . 2 7 3 0 
D C P / D T n n n n n n o n n n n n 773Qc yj » Kj \j Kj \j » / / J O j . 3 6 8 8 9 . 8 6 0 9 4 
D 2 C P / D T 2 n n n n n n \J a ^ K J K J K j y j o o n n o n n o o n n n W o KJ\J\J\J\J \J » \J\J\J\J\J . 0 5 9 3 7 . 2 0 8 2 7 
D 3 C P / D T 3 n n n n n n \J o \J\J\J\J\J o nr \nnn n o n n n n W e K J K j y j y j K J \J o n n n n n n \J . \J\J\J\JKJ - . 0 2 1 2 8 
EQUATION R E S I D SUM SQS VARIANCE STD ERROR 
NUMBER R LN K R LN K PKA 
1 • 3 3 8 1 3 1 E - C 1 . 3 3 8 1 3 1 E - 0 2 . 1 2 7 0 8 2 E - 0 1 
2 . ^3 ¿+3 63 E - 0 3 .¿f82 62 6 E - 0 4 . 1 5 1 8 2 6 E - 0 2 
3 • 8 6 2 1 5 8 E - C ^ + . 1 0 7 7 6 9 E - 0 4 . 7 1 7 4 4 8 E 
k , 6 0 2 l 6 5 E - 0 ^ + . 8 6 0 2 3 6 E - 0 5 . 6 4 0 9 8 9 E - 0 3 
S o 3 5 1 3 C 3 E - 0 4 . 5 8 5 5 0 5 E - 0 5 . 5 2 8 8 1 9 E - 0 3 
STANDARD 1 ERRORS 
NUMBER OF 
VARIABLES 1 2 3 4 5 
DELTA G - 5 . 3 6 ^ f 6 - . 8 7 3 ^ + - . 4 7 2 8 - . 4 4 9 8 - . 4 4 4 9 
DELTA H 9 0 . 2 2 1 3 . 6 7 1 1 . 1 8 1 5 . 7 0 1 3 . 6 7 
DELTA S . 0 3 ^ 0 . 0 4 6 5 . 0 3 7 0 . 0 5 2 8 . 0 4 5 7 
DELTA CP o n o o n w 0 \jKjyj\J 1 . 4 1 3 7 1 . 1 1 2 9 1 . 6 6 4 3 3 . 0 8 3 1 
D C P / D T n n n n n n o n n n n n 1Q c . 2 6 2 7 8 . 3 2 1 7 3 
D 2 C P / D T 2 n nnnr \n \J • \jyj\j\j\j o n o o n n n n n n n n \J , KJ KJ KJ KJKJ a \J KJ KJ yj \J . 0 3 4 1 5 . 0 7 7 2 5 
D 3 C P / D T 3 n nrsnnn KJ o W W W W W n n n n n n n nnnr^n o \j yj yj KJ yj w • K j K j y j K j y j n nr\nnr\ . 0 1 0 2 8 
1. ( C ) . BENZOIC ACID (AVERAGE OF MEANS) 
MOLALITY OF ACID = ,00123^ 
BUFFERS 
SODIUM HYDROGEN SUCCINATE / HCL TABLE 5 
ACETIC ACID / SODIUM ACETATE / NACL TABLE 7A/7B 
PKA CALCULATED BY 2 VARIABLE CLARKE AND GLEW EQUATION 
TABLE 5 TABLE 7 
TEMP MEAN MEAN AVERAGE 
PKA PKA PKA 
5 4 .221 4 .221 4 .221 
10 4 .212 4 .211 4 .212 
15 4 .205 4 .204 4 .205 
20 4 .201 4 .201 4 .201 
25 4 .201 4 .201 4 .201 
30 4 .204 4 .203 4 .204 
35 4 .209 4 .209 4 .209 
40 4 . 2 1 6 4 .216 4 .216 
45 4 .223 4 .224 4 .224 
50 4 .231 4 .234 4,233 
55 4 .244 
60 4 .257 
F TEST OF LEVEL OF S IGN IF ICANCE 
EQUATION NUMBER 2 3 
DEGS OF FREEDOM 7 6 
VALUE OF F RATIO 953.472 10 .745 15 
NO. S IGN I F ICANCE 



















r\ • w 
1. (C ) . BENZOIC ACID (AVERAGE OF MEANS) 















W e KJKJKJKJ A nonno 
W a W W W W W 
o ooooo 
W e W W W W W 
O O O O O O 




O O O O O O 
W . KJ \J\JKJKJ 
O O O O O O 
W . \JKJ\JKJKJ 
O O O O O O 






O O O O O O 







O O O O O O 
V^ G \J\J\JKJ\J 







EQUATION RES ID SUM SQS VARIANCE 
NUMBER R LN K R LN K 
STD ERROR 
PKA 
1 .17795^E -01 .222^+^+2E -02 ,10307^E -01 
2 .12969^E -03 .185277E .9^0704E -03 
3 .¿i6i+7CCE -Ok .77^501E -05 .608208E -03 
k .115524E 'Ck .2310^f8E -05 .332195E -03 
5 .1^+9081E -05 .372702E -06 .133420E -03 
STANDARD ERRORS 
NUMBER OF 
VAR IABLES 1 2 3 k 5 
DELTA G -¿+.¿+82^1 - .6130 - .4034 - .2726 - .1141 
DELTA H 93.^+0 8 .73 14.C3 8 .29 5 .57 
DELTA S .0152 .0295 .0468 .0279 .0186 
DELTA CP o oooo KJ • \JKJ\J\J 1.3496 .9589 1.7^55 .8570 
DCP/DT O O O O O O O O O O O O .21658 .14492 .23399 
D2CP/DT2 O O O O O O • \ j \ j y j \ J K J O O O O O O O w O O O O O . KJ\J\J\J\J .04099 .02326 
D3CP/DT3 O O O O O O KJ , K J K j y j K J ^ O O O O O O Vy • \J\JKJ\J\J O O O O O O . \JKJKJKJ\J O O O O O O . \ J \ J \ J \ J \ J .00757 
META-METHYLBENZOIC A C I H 
EXPERIMENTAL VALUES OF PKA AND I O N I S A T I O N CORRECTIONS 
I ONIC 
STRENGTH . 0 2 0 1 7 nh 0 0 1 9 
EXP 1 ON I S EXP ION IS 
TEMP PKA CORR PKA CORR 
5 ¿+o290 - o 0 2 5 ¿ + O 2 7 6 - . 0 1 2 
1 0 ¿+ .282 - = . 0 2 ^ ¿+ .269 - „ 0 1 2 
15 k.276 ¿+„266 - . 0 1 2 
2 0 h.21h - „ 0 2 3 ¿+.264 - . 0 1 2 
25 k.llh - o 0 2 3 ¿+.26¿+ - . 0 1 2 
3 0 h.llS - 0 O 2 3 ¿+.26¿+ - „ O i l 
3 5 ¿fo279 - 0 O 2 2 ¿+„268 - . 0 1 1 
¿+0 ¿fo286 » „ 0 2 2 ¿+ .273 - „ 0 1 1 
4 O 2 9 5 - „ 0 2 2 ¿+„281 - . 0 1 1 
5 0 ¿fo302 - „ 0 2 1 ¿+ .290 - „ 0 1 1 
l^fC 
META-METHYLBENZOIC A C I D 
MOLAL ITY OF A C I D = nnnOin o wwwO I yj 
BUFFER 
SODIUM HYDROGEN SUCC INATE / HCL TABLE 5 
PKA CALCULATED BY 2 V A R I A B L E CLARKE AND GLEW EQUATION 
1 = . 02017 , 0 4 0 1 9 
TEMP CORRECTED CORRECTED AVERAGE CALC 
PKA PKA PKA PKA 
5 4 . 2 6 5 4 . 2 6 4 4 . 2 6 5 4 . 2 6 6 
10 i t . 258 4 , 2 5 7 4 . 2 5 8 4 . 2 5 9 
15 4 . 2 5 2 4 . 2 5 4 4 . 2 5 3 4 . 2 5 5 
2C 4 . 2 5 1 4 , 2 5 2 4 . 2 5 2 4 . 2 5 3 
25 4 . 2 5 1 4 . 2 5 2 4 . 2 5 2 4 . 2 5 2 
30 4 . 2 5 2 4 . 2 5 3 4 . 2 5 3 4 . 2 5 4 
35 4 . 2 5 7 4 . 2 5 7 4 . 2 5 7 4 . 2 5 7 
kc 4 . 2 6 4 4 . 2 6 2 4 . 2 6 3 4 . 2 6 1 
4 . 2 7 ^ 4 . 2 7 0 4 . 2 7 2 4 . 2 6 8 
50 4 . 2 8 1 4 . 2 7 9 4 . 2 8 0 4 . 2 7 5 
F TEST OF LEV«^L OF S I G N I F I C A N C E 
EQUATION NUMBER 
DEGS OF FREEDOM 
VALUE OF F RAT I 0 










ooc o WWp 
5 
4 
4 . 6 5 3 
.1 5 0 . r o n p W o W 
ir» o 1 W o W 
2 . M E T A - M E T H Y L B E N Z O I C A C I D 
C L A R K A N D G L E W E Q U A T I O N S 
N U M B E R OF 
V A R I A B L E S 1 
D E L T A G 
D E L T A H 
D E L T A S 
DE L T A C P 
D C P / D T 
D 2 C P / D T 2 
D 3 C P / D T 3 
5 8 1 1 o 5 2 
n n o o n 
o o o o o o 
o \ j \ j \ j y j K J 
O O O O O O 
O O O O O O 
w • w w w w w 
5 7 9 9 . 9 1 
- 9 1 . 3 9 
- 1 9 . 7 5 
•3if.3276 
O O O O O O 
W O \J\J\J\J\J 
O O O O O O 
w o y ^ K j ^ y ^ ^ 
O O O O O O 
W o w w vv w 
5 7 9 9 . 9 5 
- 8 3 . 6 7 
- 1 9 . 7 3 
•3'+.C884 
13G2Ì+ 
O O O O O O 
W o ^ KJKJ 
O O O O O O 
V-/ o w v̂  w w w 
5 7 9 9 . 9 3 
- 8 3 . 1 3 




5 8 C C , 2 2 
-it2.66 
- 1 9 . 5 9 
•2 9 . 9 0 4 4 
•2 .19818 
695 - . 1 4 1 9 7 
O O O O O O C 6 8 6 C 
E Q U A T I O N R E S I D S U M SQS V A R I A N C E 
N U M B E R R LN K R LN K 
STD E R R O R 
PKA 
1 „ 1 2 C 4 5 9 E - C 1 
2 . 5 9 7 7 5 9 E - 0 4 
3 .56975CE-C^f 
¿f , 5 6 9 C 8 5 E - C 4 
5 „263 0^f9E"C4 
1 5 C 5 7 4 E - C 2 
8 5 3 9 4 1 E - C 5 
94958^+E-C5 
1 1 3 8 1 7 E - C 4 
65762ifE-05 
.8^+8C4lE-C2 
. 6 3 8 6 3 9 E - C 3 
. 6 7 3 4 5 5 E - 0 3 
o 7 3 7 3 C 1 E - C 3 
»560^+4 IE-03 
S T A N D A R D E R R O R S 
N U M B E R OF 
V A R I A B L E S 1 5 
D E L T A G 
DE L T A H 
DE L T A S 
D E L T A C P 
D C P / D T 
D 2 C P / D T 2 
D 3 C P / D T 3 
- 3 o 6 8 7 9 
7 6 . 8 5 
,0125 
o o o o o 
W o W W W W 
O O O O O O 
w o w w w V̂  w 
O O O O O O 
O O O O O O V̂  O KJ\J\J\J\J 
- . 4 1 6 2 
5.93 
OO O O 
o \ J L \ j k j 
.9162 
O O O O O O 
w e KJ ^ \J ^ 
o n n n n n 
KJ o W W W W W 
o O O O O O 
W o W W W w 





O O O O O O 
w o v̂  w w w w 
O O O O O O 
- . 6 0 5 1 
18.41 
.0620 
3 . 8 7 4 3 
.32166 
.09099 
O O O O O O 
- . 4 7 9 3 
2 3 . 4 0 
.0782 




3 . META-METHOXYBENZOIC AC ID 
EXPER IMENTAL VALUES OF PKA AND I O N I S A T I O N CORRECTIONS 
I ONIC 
STRENGTH «02017 0^+019 
EXP 1 ON I S EXP 1 ONIS 
TEMP PKA CORR PKA CORR 
5 4 . 1 1 6 - . 0 1 3 4 . 1 1 5 no7 — e \J\J / 
10 4 . 1 1 1 - . 0 1 3 4 . 1 0 7 
15 4 . 1 0 7 - . 0 1 3 4 . 1 0 2 - . 0 0 6 
20 4 . 1 0 6 - . 0 1 3 4 . 1 0 0 
25 4 . 1 0 5 - . 0 1 3 4 . 0 9 9 —. 006 
30 4 . 1 0 3 - . 0 1 2 4 . 1 0 0 —. wD 
35 4 . 1 0 4 - . 0 1 2 4 . 1 0 1 
rvo^ — . \J\JO 
ko 4 . 1 0 6 - . 0 1 2 4 . 1 0 6 — 0 hS 4 . 1 1 0 - . 0 1 2 4 . 1 1 2 — . \J\JO 
50 4 . 1 1 4 - . 0 1 2 4 . 1 1 8 . wwD 
3 . META-METHOXYBENZOIC AC ID 
MOLAL ITY OF A C I D = , 0 0 0 3 ^ 9 
BUFFER 
SODIUM HYDROGEN SUCC INATE / HCL TABLE 5 
PKA CALCULATED BY 2 V A R I A B L E CLARKE AND GLEW EQUATION 
1 = . 02017 . 0 4 0 1 9 
TEMP CORRECTED CORRECTED AVERAGE CALC 
PKA PKA PKA PKA 
5 4 . 1 0 3 4 . 1 0 8 4 .106 4 , 1 0 5 
10 4 . 0 9 8 4 . 1 0 1 4 1 n n . 1 WW 4 . 1 0 0 
15 4 . 0 9 4 4 . 0 9 6 4 .095 4 . 0 9 7 
2 0 4 . 0 9 3 4 . 0 9 4 4 .094 4 . 0 95 
25 4 . 0 9 2 4 . 0 9 3 4 .093 4 . 0 9 4 
30 4 . 0 9 1 4 . 0 9 4 4 .093 4 . 0 9 4 
35 4 . 0 9 2 4 . 0 9 5 4 .094 4 . 0 9 5 
40 4 . 0 9 4 4 . 1 0 0 4 .097 4 . 0 9 6 
45 4 . 0 9 8 4 . 1 0 6 4 .102 4 . 0 9 9 
50 4 . 1 0 2 4 . 1 1 2 4 .107 4 . 1 0 3 
F TEST OF LEVEL OF S I G N I F I C A N C E 
EQUATION NUMBER 2 3 4 5 
DEGS OF FREEDOM 7 6 5 4 
VALUE OF F R A T I O 769O810 . 112 1 .513 1 .149 
NO. S I G N 1F ICANCE 
PERCENT »1 5 n o N-/ o vy 5 O 0 5 n o vy . V-/ 
3 . META-METHOXYBENZOIC ACID 
CLARK AND GLEW EQUATIONS 
NUMBER OF 













-18 ,75 n onnrv 
KJ e 
n n n n n n 
KJ o K J K j y j K j y ^ 
n n n n n n 




n r \ n r \ n n 
e W W W W W 
n n n n n n 
W o W W W W W 
r> n n n n n 
\J • w w w w w 
- .07336 o nnnnn 
w o 
n onnoo 
w o \JKj\JKjy~f 
5583.¿fO 5583,55 
19ô +3 ¿+0.26 
-18.66 -18 .59 
-19.0651 -16.7659 
,10931 -.9^783 
-,089^5 - ,16611 
Ì353 1 n n n n n n KJ a \J\J\J\J\J 0] 
EQUATION RES ID SUM SQS VARIANCE 





































W o K j y j K J K J 
n n n n n n 
n n n n n n KJ , w v^ w w w 






\J o W W W V^ W 
o r>oor>n 
n n n n n n 
\j » \ j \ j \ j \ j y j 
- .4071 




















META-CHLOROBENZOIC AC ID 
EXPER IMENTAL VALUES OF PKA AND I O N I S A T I O N CORRECTIONS 
ION IC 
STRENGTH 09 a y-fi. C 1 7 0 1 9 
EXP 1 ON IS EXP 1 ON IS 
TEMP PKA CORR PKA CORR 
5 3 . 8 9 9 - . 0 3 3 3 . 8 8 2 - . 0 1 7 
10 3 . 8 8 7 - . 0 3 3 3 . 8 7 2 - . 0 1 7 
15 3 . 8 7 9 - . 0 3 3 3 . 8 6 3 - . 0 1 7 
2C 3 . 8 7 3 - . 0 3 3 3 . 8 5 7 - . 0 1 7 
25 3 . 8 6 9 - . 0 3 3 3 . 8 5 3 - . 0 1 6 
3 0 3 . 8 6 7 - . 0 3 2 3 . 8 5 2 - . 0 1 6 
35 3 . 8 6 8 - 0 O 3 2 3 . 8 5 2 - . 0 1 6 
4 0 3 . 8 7 1 - 0 O 3 2 3 . 8 5 ^ 1 - 0 O 1 6 
45 3 . 8 7 7 - . 0 3 1 3 . 8 6 0 - « 0 1 6 
50 3 . 8 8 5 - . 0 3 1 3 . 8 6 9 - 0 O 1 6 
k. META-CHLOROBENZOIC AC ID 
MOLAL ITY OF A C I D = »000655 
BUFFER 
SODIUM HYDROGEN SUCCINATE / HCL TABLE 5 
PKA CALCULATED BY 2 VAR IABLE CLARKE AND GLEW EQUATION 
1 = . 02017 . 0 4 0 1 9 
TEMP CORRECTED CORRECTED AVERAGE CALC 
PKA PKA PKA PKA 
5 3 . 8 6 6 3 . 8 6 5 3 . 8 6 6 3 . 8 6 5 
1C 3 . 8 5 4 3 . 8 5 5 3 . 8 5 5 3 . 8 5 4 
15 3 . 8 4 6 3 . 8 4 6 3 . 8 4 6 3 . 8 4 6 
20 3 . 840 3 .840 3 . 8 4 0 3 . 8 4 0 
25 3 . 8 3 6 3 . 8 3 7 3 . 8 3 7 3 . 8 3 7 
3C 3 . 8 3 5 3 . 8 3 6 3 . 8 3 6 3 . 8 3 6 
35 3 . 8 36 3 . 8 3 6 3 . 8 3 6 3 . 8 3 7 
4C 3 . 8 3 9 3 .838 3 . 8 3 9 3 . 8 3 9 
45 3 . 8 4 6 3 . 8 4 4 3 . 8 4 5 3 . 8 4 4 
50 3 . 8 5 4 3 . 8 5 3 3 . 8 5 4 3 . 8 5 0 
F TEST OF LEVEL OF S I G N I F I C A N C E 
EQUATION NUMBER 
DEGS OF FREEDOM 
VALUE OF F R A T I O 
















1 . 73c 
n o 
\J e KJ 
1^7 
¿f. META-CHLOROBENZOIC ACID 
CLARK AND GLEW EQUATlONS 
NUMBER OF 











n n n n n 
W o W W W W 
o n n n n n 
n nonno W o K ^ K J K J K J K J 
o ooooo 





O O O O O O 
W a 
O O O O O O 
w • w v,/ w vy V̂  
O 
w 
O O O O O 
w w w w w 
5233.99 
211 .26 





w o \ j \ j K J \ j y j 
523^+.51 
201 1 I 
-16.88 
•3 2 .0815 
- .29565 







EQUATION RES ID SUM SQS VARIANCE 

































O O O O O O 
o w w w V̂  w 
O O O O O O 
w o w w w w w 
O O O O O O 





O O O O O O 
W a \ J \ U K J K J K J 
O O O O O O 
W o 
O O O O O O 























5 . META-BROMOBENZOIC ACID 
EXPERIMENTAL VALUES OF PKA AND IONISATION CORRECTIONS 
I ONIC 
STRENGTH . 0 2 0 1 7 4 0 1 9 
EXP 1 ON IS EXP 1 ONIS 
TEMP PKA CORR PKA CORR 
5 3 . 8 8 2 - . 0 4 0 3 . 8 6 3 oo rv o ̂  ¿.\J 
10 3 . 8 7 1 o wH- yj 3 . 8 5 2 nn ry — . w/i Kj 
15 3 . 8 6 0 - „ 0 4 0 3 . 8 4 1 no o ~ 0 \J i. \J 
2C 3 . 8 5 2 - . 0 3 9 3 . 8 3 4 nor» ~ » \J ¿.KJ 
25 3 . 8 4 8 - » 0 3 9 3 . 8 3 0 
_ n o n 
a \J ¿.\J 
3 C 3 . 8 4 6 - . 0 3 9 3 . 8 2 8 no o ~ 0 KJ ¿.KJ 
35 3 . 8 4 7 - o 0 3 8 3 . 8 2 9 - . 0 1 9 
i tC 3 . 8 5 1 - . 0 3 8 3 . 8 3 3 - . 0 1 9 
k5 3 . 8 5 8 - . 0 3 8 3 . 8 4 0 - . 0 1 9 
5 0 3 . 8 6 6 - . 0 3 7 3 . 8 5 0 - . 0 1 9 
5 . META-BROMOBENZOIC A C I D 
MOLAL ITY OF A C I D = . 0 0 0 7 6 6 
BUFFER 
SODIUM HYDROGEN SUCC INATE / HCL TABLE 5 
PKA CALCULATED BY 2 V A R I A B L E CLARKE AND GLEW EQUATION 
1 = . 0 2017 . 0 4 0 1 9 
• 
TEMP CORRECTED CORRECTED AVERAGE CALC 
PKA PKA PKA PKA 
5 3 .8^+2 3 . 8 4 3 3 . 8 4 3 3 . 8 4 7 
10 3 . 8 3 1 3 . 8 3 2 3 .832 3 . 8 3 2 
15 3 «820 3 .821 3 . 8 2 1 3 . 8 2 0 
20 3 o 8 l 3 3 . 8 1 4 3 . 8 1 4 3 . 8 1 3 
25 3 « 8 0 9 3 . 8 1 0 3 . 810 3 . 8 0 8 
30 3 . 8 0 7 3 . 8 0 8 3 . 808 3 . 8 0 7 
35 3 . 8 0 9 3 . 8 1 0 3 o 8 l O 3 . 809 
kc 3 . 8 1 3 3 . 8 1 4 3 . 8 1 4 3 . 8 1 3 
3 . 820 3 . 821 3 .821 3 . 8 2 0 
50 3 . 8 29 3 . 8 3 1 3 . 830 3 . 830 
F TEST OF LEVEL OF S I G N I F I C A N C E 
EQUATION NUMBER 2 3 4 5 
DEGS OF FREEDOM 7 6 5 4 
VALUE OF F R A T I O 1 3 7 1 . 7 2 1 10 .2 00 4 . 929 1 .063 
NO. S I G N 1F ICANCE 
PERCENT . 1 2 . 5 1 n n r W 0 W ^ o n \J o ^ 
5 . M E T A - B R O M O B E N Z O I C A C I D 
CLARK AND GLEW E Q U A T I O N S 
NUMBER OF 





D C P / D T 
D 2 C P / D T 2 
D 3 C P / D T 3 
5 2 1 2 
133 
- 1 7 
o n W o w 
n nn W o W KJ 
n o n vy o W W 
n o n W o W W 
63 
23 
o n n w w w 
nnn w w w 
nnn w w w 
nnn w w w 
5 1 9 7 . 5 2 
1 9 6 . 6 5 
- 1 6 . 7 7 
M . 6 6 C i t 
r» nnnnn W a W W W W W 
o o o o o n W a W W W W W 
n o n o n n W O W W W W W 
5 1 9 7 . 7 ^ 
2 3 3 . 9 2 
-16. 
- » 6 2 8 3 5 
o n n o n n W o W W W W W 
n nnnnn W O W W W W W 
5 1 9 7 o 2 8 
2k3>OS 228.32 
- 1 6 . 6 1 - 1 6 . 6 6 
4 8 . 2 8 5 9 - ¿ + 9 . 9 1 1 5 
- . 8 6 8 6 7 - . 1 2 1 2 1 
1 1 7 6 7 . 1 7 1 8 8 
- . 0 2 ^ + 9 6 n w o n o o o w vy w w w 
E Q U A T I O N R E S I D SUM SQS V A R I A N C E 
NUMBER R LN K R LN K 
STD ERROR 
PKA 
1 . 2 C 3 9 1 ' + E - C I . 2 5 4 8 9 3 E - 0 2 . 1 1 0 3 3 7 E - 0 1 
2 . 1 C 3 5 3 1 E - 0 3 . l i i 7 9 0 1 E -Ok . 8 i f O i t 8 l E - 0 3 
3 . 3 8 3 4 2 7 E - -Ok . 6 3 9 0 4 5 E -05 . 5 5 2 i t 6 8 E - 0 3 
4 . 1 9 3 C 7 5 E - -Gk . 3 8 6 1 5 C E - C 5 - 0 3 
5 . 1 5 2 5 3 8 E -Ok . 3 8 1 3 4 5 E - 0 5 . i t 2 6 7 7 7 E - 0 3 
STANDARD ERRORS 
NUMBER OF 




D E L T A CP 
D C P / D T 
D 2 C P / D T 2 
D 3 C P / D T 3 
- 4 . 7 9 8 2 
9 9 . 9 8 
. 0 1 6 3 
n nnnn KJ . W W W W 
n nnnnn KJ o W W W W W 
n nnnnn a W W W W W 
n nnnnn W . W W W W W 
- . 5 ^ 7 7 
7 . 8 0 
. 0 2 6 3 
1 . 2 0 5 8 
n nnnnn W a W W W W W 
n nnnnn W . W W W W W 
o nnnnn W . W W W W W 
- . 3 6 6 ^ + 
1 2 . 7 4 
. 0 4 2 5 
. 8 7 1 1 
. 1 9 6 7 3 
o nnnnn KJ a W W W W W 
o n n o n o W a W W W W W 
- . 3 5 2 4 
1 0 a 7 2 
. 0 3 6 1 
2.2566 
. 1 8 7 3 6 
Ì53 0 ' o n W W 
n 
w 
nnnnn W W W W W 
- . 3 6 5 0 
17.82 
. 0 5 9 6 
2 . 7 4 1 4 
. 7 4 8 4 9 
a 0 7 4 4 2 
a 0 2 4 2 1 
15K 
META-NITROBENZOIC ACID 
PKAS DETERMINED BY INDICATOR TECHNIQUE 
INDICATOR METHYL ORANGE 
MOLALITY OF INDICATOR = oono s y j K J K J K J 6213 
















































AVERAGE SLOPE = -.28547 
STANDARD DEVIATION = .034031 
DETERMINATION OF THERMODYNAMIC PKAS (BY AVERAGE SLOPE) 
CALCULATED PKA BY 2 VARIABLE CLARKE AND GLEW EQUATION 
I ONIC 
STRENGTH nnnn » w v^ w w nnr n o w « ^ p W .0402 o 0602 
EXTRAP EXP EXP EXP EXP CALCULAT 
TEMP PKA PKA PKA PKA PKA PKA 
5 3.503 3.502 3.499 3.493 3.484 3.506 
10 3.488 3.488 3.484 3.478 3.470 3.491 
15 3.476 3.476 3 All 3.466 3.459 3.479 
20 3.468 3.467 3.464 3.458 3.450 3.469 
25 3.460 3.460 3.456 3.450 3.442 3.462 
30 3.455 3.455 3.451 3.445 3.437 3.456 
35 3.453 3.452 3.448 3.444 3.436 3.453 
40 3.454 3.453 3.449 3.445 3.437 3.452 
45 3.459 3.458 3.454 3.451 3.442 3.452 
50 3.465 3.462 3.459 3.455 3.450 3.454 
6 . META-N ITROBENZO IC A C I D 
CLARK AND GLEW EQUATIONS 
NUMBER OF 









3 6 2 . 9 5 
- 1 5 . 8 5 
o n n n n 
W o w w 
n n n n n n 
o n n n n n 
\J o w v̂  w w 
o n n n n n 
O w w w w w 
¿ f719o65 4 7 1 9 o 9 8 
-¿i.1„Cif76 - 3 9 o 2 6 7 9 J 
r> onono 
W a W W W W W 
n nonno 
vy e w w w w w 
O O O O O O 
W O w W W W W 
969 oo 
O O O O O O 
W o w w w w 
O O O O O O 
w o vy w w w w 
¿+720,5 1 
5 2 0 , 3 2 
- 1 4 , 0 8 
-37«>2068 - 3 2 , 1778 
- » 8 6 5 3 7 - 3 . 1 7 7 6 9 
- ,0507^f - » 2 1 8 4 3 
4 7 2 0 , 1 8 
4 7 4 , 7 6 




\JKJKJKJ\J ' " 7724 
EQUATI ON RES ID SUM SQS 
NUMBER R LN K 
VARIANCE 








W I 173520E 
2 1 3 7 7 9 E - C 3 
5 8 7 5 1 9 E - 0 4 
5 5 2 1 1 9 E - 0 4 
1 6 4 1 6 7 E - 0 4 
, 2 l 6 9 C l E - 0 2 
o 3 0 5 3 9 9 E - 0 4 
o 9 7 9 1 9 8 E - 0 5 
, I 1 0 4 2 3 E - 0 4 
. 4 1 0 4 1 7 E - 0 5 
. 1 0 1 7 8 2 E - 0 1 
, 1 2 0 7 7 4 E - 0 2 
, 6 8 3 8 7 5 E - 0 3 
, 7 2 6 2 2 8 E - 0 3 
, 4 4 2 7 4 6 E - 0 3 
STANDARD ERRORS 
NUMBER OF 









9 2 , 2 3 
150 o 
o oooo 
w , w w w w 
O O O O O O 
, K j K j y j y j ^ 
O O O O O O 
w s wvy v-'vy V/ 
O O O O O O 
w o w w w w vy 
- . 7 8 7 1 
1 K 2 1 
oC379 
1 . 7327 
O O O O O O 
O O O O O O 
O O O O O O vy a W w w w w 
- . 4 5 3 6 






O O O O O O 
w , w w 
- , 5 9 6 0 
18 , 14 
, 0611 
3 . 8 1 6 1 
, 31683 
, 08963 
O O O O O O 
W 0 w w w W w 
- . 3 7 8 7 
1 8 , 4 9 
, 0618 
2 , 8 4 3 9 
. 7 7 6 5 0 
. 0 7 7 2 0 
¡2512 O' 
F TEST OF LEVEL OF S I G N I F I C A N C E 
EQUATION NUMBER 
DEGS OF FREEDOM 
VALUE OF F R A T I O 








15 . 832 





\J O ^ 
5 
9 . 4 5 2 
O 
7.(1 ) PARA-METHYLBENZOIC ACID TABLE 8 
MOLALITY OF ACID = .00004? 
BUFFER 
S O D I U M HYDROGEN SUCCINATE / NACL TABLE 8 
IONIC S T R E N G T H OF BUFFER = 0^fl8 
PKA CALCULATED BY 2 VARIABLE CLARKE AND GLEW EQUATION 
I ON I SAT I ON 
TEMP IONISATION 

















, noo « \J\JC. 
. n n n 
n n n 
r \ n n • \ j \ J Z . 
nno e wwZ 




on e WW 
n n o W W 
on • WW 






























F TEST OF LEVEL OF SIGNIFICANCE 
E Q U A T I O N NUMBER 
DECS OF F R E E D O M 
VALUE OF F R A T I O 













2 5 . 
5 
4 
8 . 2 3 6 
n w 
7 . ( 1 ) PARA-METHYLBENZOIC AC ID 8 
CLARK AND GLEW EQUATIONS 
NUMBER OF 








5 9 7 ^ . 6 6 
- 1 8 8 . 9 6 






- 1 3 4 c 2 9 
- 2 0 . 4 4 
n n n n n 
n n n r ^ n 
\J\J\J\JKJ 
n n n n n 
KjyjKJKJKJ 
n n n n n 
5 9 6 1 . 5 4 
- 1 5 1 . 5 0 
—20 50 
- 3 8 . 4 9 9 4 - 3 9 . 0 3 2 4 
\r\ n nonno w • w w w w 
o ooooo w w w w 







5 9 6 1 . 7 3 
- 1 5 5 . 4 0 
- 2 0 . 5 1 
•36.9896 
. 39287 
- . 0 5 0 2 9 
O OOOOO W • WV-/WWW 
5 9 6 1 . 6 2 
- 1 7 1 . 7 2 
- 2 0 . 5 7 
•38.79C8 
1 . 2 2 1 0 4 
. 0 0976 
- . 0 2 7 6 6 
EQUATION 
NUMBER 
RES ID SUM SQS 
R LN K 
VARIANCE 
R LN K 
STD ERROR 
PKA 
1 . 1 51013E - 0 1 . 188766E - 0 2 . 949519E - 0 2 
2 . 2 47714E - 0 4 . 353877E . 411119E - 0 3 
3 . 1 08703E - 0 4 . 181173E . 294163E — t̂J 
4 . 7 39330E -C5 . 147866E - 0 5 . 265751E 
5 . 2 41684E - 0 5 . 604212E - 0 6 . 169877E 
STANDARD ERRORS 
NUMBER OF 
V A R I A B L E S 
DELTA G - 4 . 1 2 9 2 - . 2 6 7 9 - . 1 9 5 1 - . 2 1 8 1 - . 1 4 5 3 
DELTA H 8 6 . 0 4 3 . 8 1 6 . 7 8 6 . 6 3 7 . o q 
DELTA S . 0 1 4 0 . 0 1 2 9 . 0 2 2 6 .0223 . 0237 
DELTA CP o oooo \J e WWWW . 5 8 9 8 . 4 638 1 . 3964 1 . 0 9 1 2 
DCP/DT o ooooo o w . OOOOO w w w w w . 10475 . 11594 . 29793 
D2CP/DT2 o ooooo W . KJKJKjyjKJ o vy . OOOOO w w w w w o w OOOOO « wwwww . 0 3 2 7 9 . 02962 
D3CP/DT3 o ooooo KJ . W w w w W O ooooo www WW O w OOOOO .wwwww O OOOOO w wwwww . 0 0964 
7. (I I ). PARA-METHYLBENZOIC AC ID TABLE 7A/7B 
MOLALITY OF AC ID = ,0C0Cit7 
BUFFER 
ACET IC AC ID / SODIUM ACETATE / NACL TABLE 7A/7B 
IONIC STRENGTH OF BUFFER = .01000 
PKA CALCULATED BY 2 VARIABLE CLARKE AND GLEW EQUATION 
I ON I SAT I ON 
TEMP ION I SAT ION EXPERIMENTAL CORRECTED CALCULATED 
CORRECTION PKA PKA PKA 
5 — nor • 4 . 3 5 9 
10 — nnr • wwp 4 . 3 5 1 
15 — nnr • 4 , 3 4 6 
20 — nnr • wwp 4 . 3 4 4 
25 — nnr • kjkjO 4 . 3 4 5 
30 — nnc • 4 . 3 4 8 
35 - nnr o wwp 4 . 3 5 5 
40 — nnr 4 . 3 6 1 
45 — nnr • KJKJ^ 4 . 3 6 9 
50 — nnr • 4 . 3 7 8 
55 — 
nnr « wŝ p 4 . 3 8 9 
60 — nnr 4 . 4 0 1 
i t .339 
4.3^+0 
4 . 343 
4 , 3 5 0 
4 . 3 5 6 
4 . 3 6 4 
4 . 373 
4 . 3 8 4 
4 . 3 9 6 
4 . 3 4 9 
4 . 3 4 1 
4 . 3 3 7 
4 . 335 
4 . 3 3 6 
4 . 3 4 0 
4 . 3 4 6 
4 . 3 5 4 
4 . 3 6 5 
4 . 3 7 7 
4 . 3 9 1 
4 . 4 0 7 
F TEST OF LEVEL OF S I G N I F I C A N C E 
EQUATION NUMBER 2 3 
DEGS OF FREEDOM 9 8 
VALUE OF F RAT IO 1062 , 588 2 5 . 9 8 8 
NO. S I G N I F I C A N C E 




o n KJ » 
5 
6 
4 . 6 0 0 
n n 
7 . ( I I ) . PARA-METHYLBENZOIC A C I D TABLE 7 A / 7 B 
CLARK AND GLEW EQUATIONS 
NUMBER OF 





D C P / D T 
D 2 C P / D T 2 
D 3 C P / D T 3 
5 9 3 6 . 8 5 
- 3 ^ 5 - 6 6 
- 2 0 , 0 5 
n nnnn KJ e \J\J\J\J 
n nnnnn \J e \J\JKJKJ\J 
n nnnnn KJ c W W W W W 
n nnnnn W o W W W W W 
5 9 2 2 , 1 3 
- 1 3 6 , 8 7 
-20,32 
•SS^OSkk 
n nnnnn KJ e ^ 
n nnnnn yj e w w w w w 
n nnnnn w 0 Kjyy 
5 9 2 1 , 1 6 
- 1 7 5 . ^ 2 
• 3 8 . 8 1 3 2 
. 57^ f93 
n nnnnn • w w w w w 
o n n n n n v̂  , \J\J\J\J\J 
5 9 2 1 . 3 2 5 9 2 0 . 8 4 
- 1 8 7 . 8 8 - 1 9 6 . 2 8 
- 2 0 . 4 9 - 2 0 . 5 1 
- 3 7 . 4 4 1 2 
. 8 1 4 4 1 
Ì 3 5 1 1 
n 
c; 
n n n n n \j\j\j\j\j 
- 4 2 . 7 5 8 8 
1 . 2 7 2 3 2 
. 1 0 3 4 5 
-.01981 
EQUATION R E S I D SUM SQS VARIANCE 
NUMBER R LN K R LN K 
STD ERROR 
PKA 
1 , 2 9 9 2 3 8 E - 0 1 . 2 9 9 2 3 8 E - 0 2 . I I 9 5 5 O E - 0 1 
2 . 2 5 1 3 2 2 E - 0 3 . 2 7 9 2 4 7 E - 0 4 . 1 1 5 4 8 7 E - 0 2 
3 . 5 9 1 5 4 1 E - 0 4 . 7 3 9 4 2 7 E - 0 5 . 5 9 4 2 7 7 E - 0 3 
. 5 0 0 6 2 3 E - 0 4 . 7 I 5 1 7 6 E - 0 5 . 5 8 4 4 5 1 E - 0 3 
5 . 2 8 3 3 6 5 E - 0 4 . 4 7 2 2 7 5 E - 0 5 . 4 7 4 9 4 O E - 0 3 
STANDARD ERRORS 
NUMBER OF 





D C P / D T 
D 2 C P / D T 2 
D 3 C P / D T 3 
- 5 . 0 4 6 6 
8 4 . 8 7 
Ì 3 2 0 0: 
n n n n n KJ . \J\J<JKJ 
n nnnnn 
n nnnnn 
n nnnnn \J . \JKJKJ\J\J 
-.66^3 
1 0 . 4 0 
. 0 3 5 4 
1 . 0 7 5 3 
n n n n n n 
n n n n n n 
n nnnnn \J m W W W W W 
- . 3 9 1 7 
9 . 2 6 
. 0 3 0 7 
. 9 2 1 8 
. 1 1 2 7 7 
n n n n n n 
n nnnnn 
- . 4 1 0 2 
1 4 . 3 2 
. 0 4 8 1 
1 . 5 1 7 5 
. 2 3 9 6 1 
. 0 3 1 1 4 
n n n n n n 
- . 3 9 9 5 
1 2 . 2 7 
. 0 4 1 0 
2 . 7 6 9 0 





8 . ( 1 ) PARA-METHOXYBENZOIC ACID MEAN 
EXPERIMENTAL VALUES OF PKA AND IONISATION CORRECTIONS 
IONIC 




























4 . 4 9 6 
4 .498 
4 . 5 0 4 
4 .513 
O w 
O v̂  
O e 
n V-' e 
O W e n W e 
O V-» • O W • 
n 
• n W e 
non 
\J\JKJ 
n n n www 
n n n www 





n n n www 
n n n 
\j\j\j 












_ n o 1 
_ on 1 
_ n n 1 • WW I 
_ on 1 . w w I 
— n n 1 . w w I 
— o n 1 . WW I 
_ n n 1 . w w I 
_ n n 1 • WW I 
— o n i • WW I 
_ n n 1 • WW I 
8 . ( 1 ) PARA-METHOXYBENZOIC A C I D MEAN 
M O L A L I T Y OF A C I D = . 0 0 0 0 2 6 
BUFFERS 
SODIUM HYDROGEN SUCCINATE / HCL TABLE 5 
SODIUM HYDROGEN SUCCINATE / NACL TABLE 8 
PKA CALCULATED BY 2 V A R I A B L E CLARKE AND GLEW EQUATION 
TABLE 5 TABLE 8 
1 = . 0 1 5 1 6 . 0 4 1 8 0 
TEMP i CORRECTED CORRECTED AVERAGE CALC 
PKA PKA PKA PKA 
5 ^ . 5 3 5 4 . 5 2 5 4 . 5 3 0 4 . 5 3 6 
10 ¿+.521 4 . 5 1 2 4 . 5 1 7 4 . 5 2 0 
15 4 . 5 1 2 4 . 5 0 3 4 . 5 0 8 4 . 5 0 8 
2 0 4 . 5 0 3 4 . 4 9 5 4 . 4 9 9 4 . 4 9 9 
25 4 . 4 9 8 4 . 4 8 8 4 . 4 9 3 4 . 4 9 3 
3 0 4 . 4 9 6 4 . 4 8 5 4 . 4 9 1 4 . 4 9 0 
3 5 4 . 4 9 6 4 . 4 8 7 4 . 4 9 2 4 . 4 9 1 kO 4 . 4 9 8 4 . 4 9 2 4 . 4 9 5 4 . 4 9 3 
hS 4 . 5 0 4 4 . 5 0 0 4 . 5 0 2 4 . 4 9 8 
5 0 4 . 5 1 3 4 . 5 0 9 4 . 5 1 1 4 . 5 0 6 
F TEST OF LEVEL OF S I G N I F I C A N C E 
EQUATION NUMBER 2 3 4 
DEGS OF FREEDOM 7 6 5 
VALUE OF F R A T I O 6 3 5 . 6 0 0 23 . 2 8 6 1 . 6 9 7 
NO. S I G N 1FICANCE 
. 5 25 PERCENT . 1 o . w 
5 k 
. 2 3 5 
n n 
8 . ( 1 ) P A R A - M E T H O X Y B E N Z O I C A C I D MEAN 
CLARK AND GLEW EQUATIONS 
NUMBER OF 





D C P / D T 
D 2 C P / D T 2 
D 3 C P / D T 3 
6 1 4 5 . ^ + 6 
1 9 3 . 7 5 
- 2 0 . 6 0 
n n o n o 
n n n n n n 
r\ n n n n n 
KJ e W W V^ W W 
n r v o n o o 
\J a KJ\J\J\JKJ 
6 1 3 C . 2 2 
2 5 7 . 7 2 
- 1 9 . 6 9 
• 4 5 . 0 4 1 5 
n n n n n n 
w o \ j y j y j \ j \ j 
o n o n n o 
o o o o o o WeWWWWW 
6 1 3 0 . 5 9 
ly'ò.lS 
- 1 9 . ^ 8 
4 3 . 1 2 n o 
•1 . 0^+618 o o o o o o 
\J • \J\J\J\J\J 
6 1 3 C . 2 2 
3 2 6 . 9 5 
- 1 9 . 4 6 
• 4 6 . 8 8 3 5 
•1 . 2 3 5 4 0 
19266 




6 1 3 0 . 3 0 
3 3 7 . 1 3 
- 1 9 . 4 3 
• 4 5 . 7 6 0 0 
•1 . 7 5 1 9 9 
Ì 5 5 2 0 
1 7 2 5 
0 ' 
O 
E Q U A T I O N 
NUMBER 
RES ID SUM SQS 
R LN K 
V A R I A N C E 
R LN K 
STD ERROR 
PKA 
1 . 2 0 8 6 2 8 E - 0 1 
2 . 2 2 7 2 6 4 E - 0 3 
3 . 4 6 5 6 0 5 E - 0 4 
¿f . 3 ^ 7 5 8 1 E - 0 4 
5 . 3 2 8 2 1 8 E - 0 4 
. 2 6 0 7 8 5 E - 0 2 
. 3 2 ^ f 6 6 3 E - 0 ^ + 
. 7 7 6 0 0 8 E - 0 5 
. 6 9 5 1 6 2 E - 0 5 
. 8 2 0 5 ^ 7 E - 0 5 
. 1 1 1 6 0 5 E - 0 1 
. 1 2 4 5 2 5 E - 0 2 
. 6 0 8 8 0 0 E - 0 3 
. 5 7 6 2 1 5 E - 0 ^ 
. 6 2 6 0 2 7 F - 0 3 
STANDARD ERRORS 
NUMBER OF 
5 VARIABLES 1 2 3 k 
DELTA G - .81 15 - . 4 0 3 8 - . ¿ f 7 2 9 - . 5 3 5 4 
DELTA H 1 0 1 . 1 3 11 . 5 6 1 4 . 0 4 1 4 . 3 9 2 6 . 1 4 
DELTA S . 0 1 6 4 . 0 3 9 1 . 0 4 6 9 . 0 4 8 4 . 0 8 7 4 
DELTA CP o o o o o KJ « \J\J\J\J 1 . 7 8 6 5 . 9 5 9 9 3 . 0 2 7 8 4 . 0 2 1 2 
DCP/DT o o o o o o KJ . \JKJ\J\J\J o w • o o o o o \J\JKJ\J\J . 2 1 6 7 9 . 2 5 1 3 8 1 . 0 9 7 9 4 
D2CP/DT2 o o o o o o o w • o o o o o \J\J\J\J\J o w OOOOO . \J\J\J\J\J . 0 7 1 1 1 . 1 0 9 1 6 
D3CP/DT3 O OOOOO W • \J\J\J\J\J O o o o o o w w w w w o w o o o o o \J\J\J\J\J o ooooo W . \J\J\J\J\J . 0 3 5 5 2 
16C, 
8 . (I I ) . PARA-METHOXYBENZOIC AC ID 
MOLAL ITY OF A C I D = . 0 0 0 0 2 6 
BUFFER 
A C E T I C A C I D / SODIUM ACETATE / NACL TABLE 7A/7B 
ION IC STRENGTH OF BUFFER = . 0 1000 
PKA CALCULATED BY 2 V A R I A B L E CLARKE AND GLEW EQUATION 
I O N I S A T I O N 
EXPER IMENTAL 
PKA 
TEMP I O N I S A T I O N 





5 _ ooo , \JKJ L. 4 . 5 9 1 4 . 5 8 9 4 . 5 8 3 
10 _ ono 4 . 5 7 4 4 . 5 7 2 4 . 5 6 7 
15 _ ooo 4 . 5 6 2 4 . 5 6 0 4 . 5 5 6 
20 . Z 4 . 5 5 3 4 . 5 5 1 4 . 5 4 8 
25 — e V-iV-»̂  4 . 5 5 1 4 . 5 4 8 4 . 5 4 4 
30 — OOQ ^ Q 4 . 5 5 0 4 . 5 4 7 4 . 5 4 4 
35 _ ono 4 . 5 5 2 4 . 5 4 9 4 . 5 4 7 
4 0 — . 4 . 5 5 7 4 . 5 5 4 4 . 5 5 2 
45 nno — Q KJKJ^ 4 . 5 6 3 4 . 5 6 0 4 . 5 6 1 
50 ooo —. w 4 . 5 7 1 4 . 5 6 8 4 . 5 7 2 
55 ooo — . 4 . 5 8 2 4 . 5 7 9 4 . 5 8 6 
60 OOQ o \J \JJ 4 . 5 9 6 4 . 5 9 3 4 . 6 0 2 
F TEST OF LEVEL OF S I G N I F I C A N C E 
EQUATION NUMBER 
DEGS OF FREEDOM 
VALUE OF F R A T I O 









2 . 5 
k 
1 




9 . 2 C 6 
2 . 5 
8. ( I I ) . PARA-METHOXYBENZOIC ACID 












_ 9 n Q o 
r\ r\nnr\ KJ a W W W W n nnnnn a \J KJ <J KJ 





-49.1262 n nonno w o vy w w w o ooooo W o W W W W 
o ooooo w o \ j \ j \ j y j y j 
6204,18 
212,27 
—9 o on 



















EQUATION RES ID SUM SQS VARIANCE 




























-7.0562 .62it7 .4971 - . 3 3 7 3 -.3231 
118,67 9.78 11 ,76 13.87 9.93 
,0447 .0333 ,0389 .Ck66 ,0332 n nnnn \j . \ j \ j K j \ j 1 .0111 1 • 1 / 1 .if7C0 2.2395 
n nnnnn n w . nnnnn w w w w w o I431it .2321 1 .23370 
n nnnnn KJ o n KJ , nnnnn \ j \ j \ j \ j \ j n w , nnnnn \J\JW\J\J .03016 .05611 
n nnnnn KJ . vy w w w w n w . nnnnn w w w vy v-» n w . nnnnn n nnnnn ,00747 
9 . PARA-CHLOROBENZOIC AC ID 
EXPER IMENTAL VALUES OF PKA AND ION I SAT ION CORRECTIONS 
I ONIC 

















I ON I S 
CORR 
¿f.017 
_ orvo it.C12 _ r\n 1 
¿ f .006 n n n 4.CC2 f̂ f̂  1 . w 1 
3 . 9 9 9 ooo a 3 . 9 9 3 « v y w 1 
3 . 9 9 3 ono e Vy Vy Z . 3 . 9 8 7 
no i . w w 1 
3 . 9 8 8 ooo " " . \J\Ji. 3.98Ì+ _ noi 
3 . 9 8 7 nr\n — a \J\JC. 3 . 9 8 3 _ noi 
3 . 9 9 1 n n o a ^ 3 . 9 8 6 
on 1 
3 . 9 9 5 _ ooo a \J\J i. 3 . 9 9 3 
_ no 1 
k.OCk _ n n n a KJ\J C. Ì+.CC2 
_ no 1 
r\no 
0 \J\JC. it.CC9 
_ on 1 
9 . PARA-CHLOROBENZOIC AC ID 
MOLAL ITY OF A C I D = , 0C0C^f3 
BUFFER 
SODIUM HYDROGEN SUCCINATE / HCL TABLE 5 
PKA CALCULATED BY 2 VAR IABLE CLARKE AND GLEW EQUATION 
1 = . 0 1 5 1 6 . 02017 
TEMP CORRECTED CORRECTED AVERAGE CALC 
PKA PKA PKA PKA 
5 ¿+.015 4 . 0 1 1 4 . 0 1 3 Ì+.C21 
10 4 . 0 0 1 4 . 0 0 3 i t .CC? 
15 3 . 9 9 7 3 . 9 9 2 3 . 9 9 5 3 . 9 9 6 
20 3 . 9 9 1 3 . 9 8 6 3 . 9 8 9 3 . 9 8 8 
25 3 . 9 8 6 3 . 9 8 3 3 . 9 8 5 3.98k 
30 3 . 9 8 5 3 . 9 8 2 3 . 9 8 4 3 . 9 8 3 
35 3 . 989 3 . 9 8 5 3 . 9 8 7 3 . 9 8 5 
kc 3 . 9 9 3 3 . 9 9 2 3 . 9 9 3 3 . 9 8 9 
45 4 . 0 0 2 4 . 0 0 1 4 . 0 0 2 3 . 9 9 6 
50 4 . 0 1 2 4 . 0 0 « 4 . 0 1 0 it.CC6 
F TEST OF LEVEL OF S I G N I F I C A N C E 
EQUATION NUMBER 2 3 k 5 
1 
DEGS OF FREEDOM 7 6 S 4 
VALUE OF F R A T I O 5 9 5 . 8 6 5 4 . 1 6 0 12 . 2 3 9 67 .444 
NO. S I G N I F I C A N C E 
PERCENT .1 1 o o 1 w . w 2 . 5 .5 
9. PARA-CHLOROBENZOIC ACID 










5̂ +51 -89 
37.23 






W W W W 
nnnnn 
W W w w w 
nnnnn 
w w w W W 
nnnnn 




M . 1482 n onnon 
W e W W W W W 
r> nnnnn 
W e W W W W W 
n nnnnn 




-.76001 o nonno 
W • W W W W W n nnnnn 

















EQUATION RES ID SUM SQS VARIANCE 
NUMBER R LN K R LN K 
STD ERROR 
PKA 
1 .20C581E -01 .250726E -02 .109^31E-01 
2 .232898E -03 .332712E -O î .126059E-02 
3 .137531E -03 .229219E . 10if632E-02 
.398892E o797785E -05 ,617283E-03 
5 .223328E -05 .558321E -06 .1632 99E-03 
STANDARD ERRORS 
NUMBER OF 
VARIABLES 1 2 3 5 
DELTA G -¿+.7588 -.8215 -.69^+0 -.5066 - 1396 
DELTA H 99.16 1 1 .70 2Ì4.13 15.^1 6.81 
DFLTA S .0161 .0395 , 0806 .0519 .0228 
DELTA CP n nnnn w . w w w w 1 .8085 1 .6497 3.2436 1.0489 
DCP/DT n nnnnn W . W W W W W n w . nnnnn W W W W W .37260 .26930 .28639 
D2CP/DT2 n nnnnn W • W W W W W n w . nnnnn W W W W W n w nnnnn • W W W W W .07618 .02847 
D3CP/DT3 n nnnnn W • W W W W W n w . nnnnn W W W W W n w nnnnn . W W W W W n nnnnn W . W W W W W .OOQ26 
l6Zf • 
PARA-BROMOBENZOIC AC ID 


























I ON IS 
CORR 
_ ono 
~ e vy wZ 
_ n n n 
_ noo 
— 





_ nnn — e \J\J ¿. 
_ noo 






3.96 i t 






I ON I S 
CORR 
_ nr> 1 
— on 1 • WW I 
_ on 1 • WW I 
_ nn 1 
« WW I 
-,001 
_ on 1 — . WW I 
_ nni 
• WW I 
_ nn 1 
• WW I 
— oo 1 • WW I 
_ 001 
• WW I 
1 ̂  
I • 
PARA-BROMOBENZOIC ACID 
MOLALITY OF ACID = nnnn 39 
BUFFER 
SODIUM HYDROGEN SUCCINATE / HCL TABLE 5 
PKA CALCULATED BY 2 VARIABLE CLARKE AND GLEW EQUATION 
1 = .01516 .02017 
TEMP CORRECTED CORRECTED AVERAGE CALC 
PKA PKA PKA PKA 
5 3.984 3.990 3.987 3.986 
10 3.975 3.976 3.976 3.976 
15 3.968 3.968 3.968 3.967 
20 3.963 3.963 3.963 3.962 
25 3.960 3.960 3.960 3.959 
30 3.959 3.960 3.960 3.959 
35 3.960 3.962 3.961 3.960 
kc 3.966 3.964 3.965 3.964 
kS 3.972 3.968 3.970 3.969 
50 3.974 3.974 3.977 
F TEST OF LEVEL OF SIGNIFICANCE 
EQUATION NUMBER 2 3 4 5 _ 1 
DEGS OF FREEDOM 7 6 5 ^ 
VALUE OF F RATIO 740.146 11 .916 4 .884 5.272 
NO. SIGNIFICANCE 
PERCENT .1 2.5 1 
n n i n o 
1 I V/ , PARA-BROMOBENZOIC A C I D 
CLARK AND GLEW EQUATIONS 
NUMBER OF 





D C P / D T 
D 2 C P / D T 2 
D 3 C P / D T 3 
9 8 0 8 2 
- I 8 0 I 5 
n n n n n 
KJ o K J \ J \ J \ J 
n n n n n n 
KJ o W W W W W 
n n n n n n 
W e \ J \ J \ J \ J \ J 
n n n n n n 
KJ o KJ\JKJKJ\J 
5 4 0 3 . C 8 
1 4 6 . 6 2 
- 1 7 . 6 3 
• 3 3 - 6 5 4 8 
n n n n n n 
n n n n n n W e W W W W W o n o n n o 
\ j o \ j \ j \ j \ j y j 
5 4 C Z . 8 5 
1 0 7 . 3 3 
- 1 7 . 7 6 





W e \ J \ J \ J \ J \ J 
5 4 0 2 . 4 1 
1 1 6 . 2 2 
- 1 7 . 7 2 
• 3 9 . 5 2 3 4 
. 4 2 8 6 3 
. 1 1 4 5 3 
o 00000 
W e \ J \ J \ J \ J \ J 
S k 0 2 . S 8 
1 3 9 . 9 2 
- 1 7 o 6 5 
- 3 6 . 9 0 7 7 
. 0 2 7 3 1 
. 0 4 0 1 7 
E Q U A T I O N 
NUMBER 
RES ID SUM SQS 
R LN K 
VARIANCE 
R LN K 
STD ERROR 
PKA 
1 . 1 1 6 2 9 8 E - 0 1 
2 . 1 0 8 9 5 9 E - 0 3 
3 „ 3 6 4 8 9 0 E - 0 ^ + 
if . l 8 i f 5 7 2 E - 0 4 
5 . 7 9 6 2 3 O E - O 5 
. 1 Ì + 5 3 7 3 E - 0 2 
o l 5 5 6 5 6 E - O i + 
. 6 O 8 1 5 I E - O 5 
. 3 6 9 1 4 5 E - 0 5 
. 1 9 9 0 5 7 E - 0 5 
. 8 3 3 2 6 6 E - 0 2 
, 8 6 2 2 3 5 E - 0 3 
. 5 3 8 9 4 8 E - 0 3 
. ¿ + 1 9 8 9 5 E - 0 3 
. 3 0 8 3 4 1 E - 0 3 
STANDARD ERRORS 
NUMBER OF 





D C P / D T 
D 2 C P / D T 2 
D 3 C P / D T 3 
1 
- 3 c 6 2 3 6 
7 5 . 5 1 
123 o \J 
0000 w w w w 
o 00000 





0 0 0 0 0 
0 0 0 0 0 





1 . 2 3 7 0 
o 00000 
o 00000 
V-» e \JKJKJ\J\J n nnnnn 
w o \ j \ j \ j \ j y j 
3 
- . 3 5 7 4 
1 2 , 4 3 
. 0 4 1 5 
. 8 4 9 7 
. 1 9 1 9 2 
n nnnnn 
n nnnnn 
- . 3 4 4 6 
1 0 . 4 8 
. 0 3 5 3 
2 . 2 0 6 4 
. 0 5 1 8 2 
0 . 0 0 0 0 0 
- . 2 6 3 7 
1 2 . 8 7 
. 0 4 3 0 
1 . 9 8 0 6 
. 1 8 3 1 8 . 5 4 0 7 7 
. J 5 3 7 6 
. 0 1 7 4 9 
11. PARA- IODOBENZOIC AC ID 
EXPER IMENTAL VALUES OF PKA AND I O N I S A T I O N CORRECTIONS 
ION IC 








I ON I S 
CORR 
5 k . 0 16 _ nnn o KJ^C. 4 . 0 1 7 or>9 . w w Z 
10 k nnn o V-'vy / — » w w Z ¿+.012 0 0 9 ~ . w w Z 
15 k ono s w w w ooo « w w Z ¿+.006 or>9 . w w Z 
20 3 .995 g W W Z . ¿+.002 009 . w w Z 
25 3 .993 nr>9 — o w w Z . ¿+.000 nn9 . w w Z 
30 3 .992 nno o ww^L 3 - 9 9 8 
_ o r > 1 
. w w 1 
35 3 .995 nr>9 0 w w Z 3 . 9 9 9 
o r > 1 
. w w 1 
itC 3 . 9 9 9 . w w Z ¿+.003 
n o i 
— . w w 1 
45 it nnc o W W p 009 — 0 w w Z ¿+.008 
no 1 ~ . W W 1 
50 k »013 _ 009 0 w w Z ¿+.015 no i " " . W W 1 
11 PARA-IODOBENZOIC ACID 
MOLALITY OF ACID = nnnnLfi w w w wH- D 
BUFFER 
SODIUM HYDROGEN SUCCINATE / HCL TABLE 5 
PKA CALCULATED BY 2 VAR IABLE CLARKE AND GLEW EQUATION 
1 = .01516 .02017 
TEMP CORRECTED CORRECTED 
PKA PKA 
5 ¿+.01¿+ 4 . 0 1 5 
10 ¿+.005 ¿+.010 
15 3 . 9 9 8 ¿+.00¿+ 
20 3 .993 i, nnn H . wwv-/ 
25 3 . 9 9 1 3 . 9 9 8 
30 3 . 9 9 0 3 .997 
35 3 .993 3 .998 
¿+0 3 .997 ¿+.002 
¿+5 ¿+.003 ¿+.007 
























F TEST OF L E V E L OF S I G N I F I C A N C E 
EQUATION NUMBER 2 
DEGS OF FREEDOM 7 
VALUE OF F RAT IO 973.917 













o r> KJ 9 
11. P A R A - I O D O B E N Z O I C A C I D 
CLARK AND GLEW EQUATIONS 
NUMBER OF 









- l 8 o 3 1 
o n n n n W o w v̂  w w 
n o o o n n 
KJ a w W vy W W 
n n n n n n w o vy w w w w 
o o n o o o W o w w w w w 
7 7 . 8 6 
- 1 8 = C 1 
111.89 
— 17 90 
- 3 1 . 9 5 1 8 - 3 0 . 8 9 7 7 
- . 5 7 3 9 5 n r>oonn n nonnn W o W W W W W 
o nonno o 
o o o o o o 
o o o o o o 
54i i9 .69 
11it.97 
- 1 7 . 8 9 
•32.5C6C 
- . 6 5 4 8 2 
.C3959 
O O O O O O 
5449.59 
1 O 1 oo I I « V-'W 
- 1 7 . 9 3 
•34.0477 
.05401 
0' OO w w 9̂1 
- . 0 2 3 6 7 
E Q U A T I O N 
NUMBER 
RES ID SUM SQS 
R LN K 
VARIANCE 


































o o o o o KJ o wwwvy 
O O O O O O w « w w w w w 
O O O O O O w o 
O O O O O O W e W W V̂  W 
- . 4 6 5 0 
6 . 6 2 
.0224 
1.0238 
O O O O O O 
o o o o o o W o wwwww 
O O O O O O w a w w w w 
- . 2 6 6 3 




O O O O O O w o 
O O O O O O 






O O O O O O 







12 PARA-NITROBENZOIC AC I n 
PKAS DERTERMINED BY INDICATOR TECHNIQUE 
INDICATOR METHYL ORANGE 
MOLALITY OF INDICATOR = „COCC6213 
DETERMINATION OF THERMODYNAMIC PKAS ( INDI V I DUAL SLOPES ) 
EXTRAPOLATED CALCULATED CORRELATION 
TEMP PKA SLOPE COEFFICIENT 
5 3.h53 -.53225 .99382 
10 3 .445 -.51015 .99535 
15 3 .438 - .53002 .99777 
2C 3 .432 _ r o n n n .99938 
25 3 .425 - .50792 .99809 
30 3 .419 - .46947 .99675 
35 3.417 - .49158 .99683 
he 3 .416 -0^4740 .99459 
h5 3 .4 ' ' 0 - .42882 .Q8C67 
3 .429 - .46244 .97773 
AVERAGE SLOPE = - .49100 
STANDARD DEV IAT lnN = .037184 
DETERMINATION OF THERMODYNAMIC PKAS (BY AVERAGE SLOPE ) 
CALCULATED PKA BY 2 VARIABLE CLARKE AND GLEW EQUATION 














o K J K J K j y ^ e 0150 0302 ,0402 .0602 
EXTRAP EXP EXP EXP EXP CALCULATED 
PKA PKA PKA PKA PKA PKA 
3 .452 3 .445 3 .438 3.433 3 .421 3.458 
3 .444 3 .437 3 .430 3.425 3.414 3 .448 
3 .436 3 .430 3 .422 3.417 3 .406 3 .439 
3 .430 3 .424 3 .416 3 .41 1 3 .400 3 .432 
3 .424 3 .418 3 ,410 3 .405 3.395 3 .426 
3 .420 3 .413 3 .406 3 .400 3 .392 3.422 
3 .417 3 .410 3 .403 3 .397 3 ,388 3.418 
3 .417 3 .410 3 .403 3 .397 3 .390 3 .416 
3 .422 3 .415 3 ,408 3 .401 3 .396 3.414 
3 .430 3 .422 3 ,417 3,^08 3.402 3 .414 
12. PARA-NITROBENZOIC ACID 
CLARK AND GLEW EQUATIONS 
NUMBER OF 
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EQUATION RES ID SUM SQS VARIANCE 
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2739 n . w 
F TEST OF LEVEL OF S IGN IF ICANCE 
EQUATION NUMBER 2 3 
DEGS OF FREEDOM 7 6 
VALUE OF F RATIO 66.123 86.340 
NO. S IGN I F ICANCE 








n n w . w 
13. ORTHO-METHYLBENZOIC ACID 
EXPER IMENTAL VALUES OF PKA AND ION ISAT ION CORRECTIONS 
I ONIC 
STRENGTH .02 017 .04 019 
EXP ION IS EXP ION IS 
TEMP PKA CORR PKA CORR 
5 3»866 - . 0 3 7 3 .848 - . 0 1 8 
10 3 . 8 8 0 - . 0 3 5 3 .864 - .018 
15 3 . 8 9 6 - . 0 3 4 3 . 8 8 0 - .017 
20 3 .915 - . 0 3 3 3 .899 - .017 
25 3 . 9 3 ^ - . 0 3 2 3 .917 - . 0 1 6 
30 3 .953 - . 0 3 1 3 .938 - . 0 1 6 
35 3 .97^ oo n — a ^ 3 .959 - . 0 1 5 
kc 3 . 9 9 6 - . 0 2 9 3 .980 - . 0 1 4 
4 . 0 1 9 - . 0 2 8 4 .005 - . 0 1 4 
50 - .027 4 . 0 2 9 - . 0 1 3 
Mh 
13 . ORTHO-METHYLBENZOIC AC ID 
MOLAL ITY OF A C I D = .CCC72 
BUFFER 
SODIUM HYDROGEN SUCC INATE / HCL TABLE 5 
PKA CALCULATED BY 2 VAR IABLE CLARKE AND GLEW EQUATION 
1 = o 02 017 . 0 4 0 1 9 
TEMP CORRECTED CORRECTED AVERAGE CALC 
PKA PKA PKA PKA 
5 3 . 8 2 9 3 .830 3 .830 3 . 8 3 0 
10 3.8¿f5 3 . 8 4 6 3 . 8 4 6 3 . 8 4 6 
15 3 . 8 6 2 3 . 8 6 3 3 . 8 6 3 3 . 8 6 4 
20 3 . 8 8 2 3 . 8 8 2 3 . 8 8 2 3 . 8 8 2 
25 3 . 9 0 2 3 . 9 0 1 3 . 9 0 2 3 .902 
30 3 . 9 2 2 3 . 9 2 2 3 .922 3 . 9 2 3 
35 3 . 9 4 4 3 . 9 4 4 3 . 9 4 4 
ko 3 . 9 6 7 3 . 9 6 6 3 . 9 6 7 3 . 9 6 6 
kS 3 . 9 9 1 3 . 9 9 1 3 . 9 9 1 3 . 9 8 9 
50 ^ . 0 1 7 4 . 0 1 6 4 . 0 1 7 4 . 0 1 3 
F TEST OF LEVEL OF S I G N I F I C A N C E 
EQUATION NUMBER 
DEGS OF FREEDOM 
VALUE OF F R A T I O 
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13. ORTHO-METHYLBENZOIC ACID 
CLARK AND GLEW EQUATIONS 
NUMBER OF 
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- .07703 o oooorv w o \jKjyjKjyj 
5322.83 
•16̂ +1 .89 
-23.35 




EQUATION RES ID SUM SQS 
NUMBER R LN K 
VARIANCE 




















5 VAR IABLES 1 2 3 k 
DELTA G -3 .2551 -.3291 •.2341 - .2195 - .2554 
DELTA H 67.83 4 . 6 9 8 .14 6 .68 12.47 
DELTA S .0110 .0158 .0272 .0225 .0417 
DELTA CP n nnnn KJ a \JKJKJ\J .7246 .5565 1 .¿f056 1.9185 
DCP/DT n nnnnn ' U o W W W W v^ n N-» o nnnnn KJKJ\JKJ\J 12568 .11670 .52383 
D2CP/DT2 o nnnnn n \J o nnnnn v^ w w w w n . nnnnn .03301 .05208 
D3CP/DT3 n nnnnn \J 0 \J n KJ e nnnnn n 
nnnnn \J\J\JKJKJ n nnnnn \j a Kjy^Kjyjyj .01694 
ORTHO-METHOXYBENZOIC ACID 






















4 o 060 
4 . 0 7 0 
4 . 0 8 3 
4 . 0 9 7 
4 . 1 1 3 
4 . 1 3 2 
4 . 1 4 8 
01 1 
4 . 1 7 0 
4 . 1 9 2 
_ n 1 
o 1 o w I w 
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n n O 
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no 
o W W 
o C V-» 
4 . 0 4 7 
4 , 0 5 5 
4 . 0 6 6 
4 . 0 7 8 
4 . 0 9 2 
4 . 1 0 7 - . 0 0 4 
4 . 1 2 5 - . 0 0 4 
- , 0 0 4 
4 . 1 6 5 - . 0 0 4 
4 . 1 8 7 -»C04 
_ oor 
n n r 
e W V̂ p 
ORTHO-METHOXYBENZOIC ACID 
MOLALITY OF ACID = .000262 
BUFFER 
SODIUM HYDROGEN SUCCINATE / HCL TABLE 5 
PKA CALCULATED BY 2 VAR IABLE CLARKE AND GLEW EQUATION 
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¿f. 182 
F TEST OF LEVEL OF S I G N I F I C A N C E 
EQUATION NUMBER 
DEGS OF FREEDOM 
VALUE OF F RAT IO 
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k 
no 1 WW I 
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ORTHO-METHOXYBENZOIC ACID 
CLARK AND GLEW EQUATIONS 
NUMBER OF 








5 5 8 9 . 1 1 
"1298»32 
- 1 8 „ 8 1 
o nnnn W o V-» w w 
n nnnnn KJ o V-/ W W V̂  W 
o nnnno W o w V̂  W W 
n nnnnn V-/ a wv̂ wvyw 




n nnnnn W o WV̂ WWV-» 
n ononr» 
n nonno Wo W v-/W v-» N-/ 
5576 ,64 
= 1240»66 
- 2 2 , 8 6 
•36.7815 
- .08767 
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RES ID SUM SQS 
R LN K 
VARIANCE 


































8 2 . 5 9 
.0134 
n n n n n KJ o v̂  w w 
n n n n n n KJ o W W W W V-y 
n n n n n n w . w w w vy w 
n n n n n n w . w v»* w v_/ 
- . 3 0 4 4 
4 . 3 3 
.0146 
.6701 
n n n n n n V̂  O 'U KJ KJ 
n n n n n n W O W W W W W 
n n n n n n 






n n n n n 
n n n n n KJ KJ ̂  KJ 
- . 4 0 6 4 
12.36 
.0416 
2 . 6 0 1 9 
.06111 
n n n n n n 
- . 4 7 3 4 
23 .11 
.0773 




15. ORTHO-CHLOROBENZOIC ACID 
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_ ono a WW^l 
ono "" e W wZ 
nno —. wwZ 
_ ooo . wwZ 
. WWZ 
_ ooo • w wZ 
. wwZ 
_ OOO . wwZ _ ono O w w Z 
. wwZ 
1 8 C . 
1 5 . O R T H O - C H L O R O B E N Z O I C A C I D 
M O L A L I T Y O F A C I D = . C C 0 9 C 7 
B U F F E R 
P O T A S S I U M DI H Y D R O G E N P H O S P H A T E / H C L T A B L E 3 
P K A C A L C U L A T E D BY 2 V A R I A B L E C L A R K E A N D G L E W E Q U A T I O N 
M = 
no o 1 n e yjj w 1 v-» 
T E M P C O R R E C T E D 
P K A 
5 2 . 7 8 6 
10 2 . 8 1 6 
15 2.8^+7 
2 0 2 . 8 7 8 
25 2 . 9 1 0 
3 0 2 . 9 ^ 2 
3 5 2 . 9 7 5 
4 0 3 . 0 0 8 
4 5 3 . 0 4 2 
5 0 3 . 0 7 5 
55 3 . 1 0 9 
6 0 3 . 1 ^ 5 
o o w 3 8 4 1 
C O R R E C T E D 




2 . 8 8 C 










n o Q wv̂ O 
0 4 1 
0 7 5 
1 10 
147 
A V E R A G E 
P K A 
2 . 7 8 7 
2 . 8 1 7 
2 . 8 4 8 
2 . 8 7 9 
2 . 9 1 1 
2 . 9 4 3 
2 . 9 7 6 
3 .008 
0 4 2 
0 7 5 
110 
146 
C A L C 
P K A 
2 . 7 8 7 
2 . 8 1 7 
2 . 8 4 8 
2 . 8 7 9 
2 . 9 1 1 
2 . 9 4 3 
2 . 9 7 6 
3 . 0 0 8 
3 . 0 4 1 
3 . 0 7 4 
3 . 1 0 8 
3 . 1 4 1 
F T E S T O F L E V E L OF S I G N I F I C A N C E 
E Q U A T I O N N U M B E R 
D E G S OF F R E E D O M 
V A L U E OF F R A T I O 
N O . S I G N I F I C A N C E 
P E R C E N T 
2 
9 








SMh . 1 7 4 
1 o r> 1 V-/ . v-» r O O 
15. ORTHO-CHLOROBENZOIC ACID 
CLARK AND GLEW EQUATIONS 
NUMBER OF 








3981 .51 3970.4^1 
•2758.00 
o nnnn w • w w w w 
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n nonno w • W W W V-/ 
O O O O O O 
3970 ,97 
-2600 .95 -2579.8^1 
-22.0^+ -21 .97 
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3971.08 
-2594.75 
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EQUATION R E S I D SUM SQS VARIANCE 
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.6176 
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16. ORTHO-BROMOBENZOIC ACID 
EXPERIMENTAL VALUES OF PKA AND IONISATION CORRECTIONS 
MOLALITY OF 
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16. ORTHO-BROMOBENZOIC ACID 
MOLALITY OF ACID = ,000758 
BUFFER 
POTASSIUM DI HYDROGEN PHOSPHATE / HCL TABLE 3 
PKA CALCULATED BY 2 VARIABLE CLARKE AND GLEW EQUATION 
M= no n i n , KJ 1 W .038^f1 
TEMP CORRECTED CORRECTED AVERAGE CALC 
PKA PKA PKA PKA 
5 2 .669 2 ,670 2.670 2.670 
10 2 .700 2.702 2 .701 2.703 
15 2o733 2.73^ 2.73^ 2.737 
20 2.767 2 .769 2 .768 2.772 
25 2.803 2.80^f 2.80if 2 ,806 
30 2 .838 2 .8^0 2 .839 2.8^+2 
35 2.873 2.875 2.87^ 2.877 
40 2 .911 2.913 2.912 2.913 
45 2 .9^9 2 .952 2 .951 2 .950 
50 2 .989 2 .991 2.990 2,986 
55 3-030 3 .032 3 .031 3.023 
60 3 .071 3 .070 3 .071 3 .060 
F TEST OF LEVEL OF S IGN IF ICANCE 
EQUATI ON NUMBER 2 3 k 5 
DEGS OF FREEDOM 9 8 7 6 
VALUE OF F RATIO 2253.391 3 .062 7 .939 
NO. S I GNIF ICANCE 
PERCENT .1 1 0 ,0 5 n n \j o yj 5 . 0 
m 
16. ORTHO-BROMOBENZOIC ACID 
CLARK AND GLEW EQUATIONS 
NUMBER OF 









-3091 A O 
-1^1.11 
n nnnn 
n nnnnn W e W W vy W v̂  






r\ nnnnn W o W W W W W 
n w 
o 







n nnnnn \J • w w w w w 














EQUATION R E S I D SUM SQS VARIANCE 
NUMBER R LN K R LN K 
STD ERROR 
PKA 
1 .312982E -01 .312982E -02 
2 .124507E -03 0 I3834 IE -O f̂ 
3 .8630^f5E -O f̂ . IO788OE 
0855418E -O f̂ «122202E -O f̂ 
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17. ORTHO- IODOBENZOIC AC ID 
EXPER IMENTAL VALUES OF PKA AND I O N I S A T I O N CORRECTIONS 
MOLAL ITY OF 
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17. ORTHO-1ODOBENZOIC A C I D 
MOLAL ITY OF A C I D = ono KJKjyj 568 
BUFFER 
POTASS IUM DI HYDROGEN PHOSPHATE / HCL TABLE 3 
PKA CALCULATED BY 2 VAR IABLE CLARKE AND GLEW EQUATION 
M= . 0 3 0 1 0 . 0 3841 
TEMP CORRECTED CORRECTED AVERAGE CALC 
PKA PKA PKA PKA 
5 2 . 7 0 7 2 , 7 0 9 2 . 7 0 8 2 . 7 0 7 
10 2 . 7 3 9 2 , 7 ^ 0 2 . 7 4 0 2 . 7 4 1 
15 2 . 7 7 2 2.11k 2 . 7 7 3 2 . 7 7 6 
20 2 . 8 0 8 2 , 8 1 1 2 . 8 1 0 2 . 8 1 1 
25 2 , 8 4 4 2 c 847 2 . 8 4 6 2 . 8 4 8 
30 2 . 8 8 2 2 . 8 8 4 2 . 8 83 2 . 8 8 5 
35 2 . 9 1 9 2 . 9 2 2 2 . 9 2 1 2 , 9 2 3 
4 0 2 . 9 6 0 2 . 9 6 2 2 . 9 6 1 2 . 9 6 2 
45 o nno 3 . 0 0 2 3 . 0 0 1 3 . 0 0 1 
50 3 oOifO 3 . 0 4 3 3 .042 3 . 0 4 1 
55 3 . 0 8 5 3 .088 3 . 0 8 7 3 .081 
60 3 . 1 3 1 3 . 1 3 4 3 . 1 3 3 3 . 1 2 2 
F TEST OF LEVEL OF S I G N I F I C A N C E 
EQUATION NUMBER 2 3 4 5 
DEGS OF FREEDOM 9 8 7 6 
VALUE OF F R A T I O 1066 .027 11 . 269 14 .284 .106 
NO. S I G N I F I CANCE 
PERCENT . 1 2 . 5 1. 0 5 
r> r> 
\J a 
17. ORTHO-IODOBENZOIC ACID 
CLARK AND GLEW EQUATIONS 
NUMBER OF 
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18. METHYL ORANGE 
















3 . 5 4 6 
3 .492 
3 .438 
3 . 3 8 6 
3 .333 
3 .285 
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CORRE LATI ON 











AVERAGE SLOPE 73207 
STANDARD DEVIAT ION = .071544 
DETERMINATION OF THERMODYNAMIC PKAS (BY AVERAGE S L O P E ) 
ONIC 
STRENGTH nnnnn .01516 .03018 .04019 ÔOOO e w 
EXTRAP EXP EXP EXP EXP 
TEMP PKA PKA PKA PKA PKA 
5 3 .655 3 .668 3 .678 3 .684 3 .697 
10 3 .599 3 .611 3 .622 3 .628 3 .640 
15 3 .544 3 .556 3 . 5 6 6 3 .573 3 .586 
20 3 .490 3 .502 3 .512 3 .519 3 .533 
25 3 .437 3 .449 3 .459 3 .466 3 .481 
30 3 .387 3 .397 3 .409 3 .417 3 .431 
35 3 . 3 3 6 3 .346 3 .357 3 .366 3 .382 
40 3 .288 3 .298 3 .309 3 .318 3 .334 
45 3 . 2 3 9 3 .249 3 .260 3 .269 3 .285 
50 3 . 1 9 4 3 .204 3 .215 3 .224 3 .240 
18. METHYL ORANGE 
EXPERIMENTAL VALUES OF PKA AND IONISATION CORRECTIONS 
IONIC 
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18. METHYL ORANGE 
MOLALITY OF ACID = .0000^9 
BUFFER 
SODIUM HYDROGEN SUCCINATE / HCL TABLE 5 
PKA CALCULATED BY 2 VARIABLE CLARKE AND GLEW EQUATION 
1 = ,01516 .03018 .04019 no r> • w o w /-
TEMP CORR CORR CORR CORR 
PKA PKA PKA PKA 
5 3 .668 3 .678 3 .684 3 .697 
1C 3 .611 3 .6-2 3 .628 3 .640 
15 3 . 5 5 6 3 .566 3.573 3 .586 
2C 3 .5C2 3 .512 3 .519 3.533 
25 3 .459 3 .466 3 .481 
3C 3 .397 3 .409 3 .417 3 .431 
35 3 . 3 4 6 3 .357 3 .366 3 .382 kc 3.298 3 .309 3 .318 3 .334 
45 3 .249 3 .260 3 .269 3.285 
5C 3 .204 3 .215 3 .224 3o240 
F TEST OF LEVEL OF S IGN IF ICANCE 
EQUATION NUMBER 2 
DEGS OF FREEDOM 7 
VALUE OF F RATI 0 2 1«7^3 










3 .658 3 .660 
! 3 .602 3.603 
^ 3 .546 3 .547 
3 .492 3 .492 
3 .438 3 .439 
3 .386 3 .386 
3 .333 3.334 
3 ,285 3.283 
3 .236 3.233 
i 3 .191 3 .184 
4 5 
5 4 
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1 ^ u yy 5 r\ n KJ o ^ 
18. METHYL ORANGE 
CLARK AND GLEW EQUATIONS 
NUMBER OF 
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RES ID SUM SQS VARIANCE 
















6 9 0 4 4 I E - 0 3 
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(a) CRITICAL EVALUATION OF THE THERMODYNAMIC FUNCTIONS 
OF AQUEOUS IONISATION OF BENZOIC ACIDS, 
To have value, data of the type produced in this study-
must be shown to be reliable and to have thermodynamic 
significance. These two criteria will be considered 
separately. 
(i) Establishment of the Thermodynamic Significance of 
the Results obtained in the Present Study. 
7 
1. Acids of Charge Type -1 Determined by the 
"Standard Buffer Technique" 
Equation 6 - 2 8 
has been used in the present work for the determ^ination 
of the acidity constants of all the benzoic acids 
studied except the nitro-benzoic acids. As previously 
discussed (Chapter VI, Page 6?), the activity co = efficien i; 
Y Y -
term, log ( ^ ^^ ), was expected to be either small 
and linear in ionic strength, or independent of ionic 
strength, within the precision of the method. 
Table 9 - 1 shows the experimental and "ionisation 
T A B L E 9 - 1 
COItlPAfllSON OF EXPERIMEI'ITAL A C I D I T Y CONSTAJfTS OF BENZOIC A C I D 
BUiiF'ER SYSTEIVI 
S o d i u j n h y d r o g e n s i 
h y d r o c h l o r i c 
i c c i n a t e / 
a c i d 
A c e t i c a c i d / 3 
/ s o d i u m 
odi'ara a c e t a t e 
c h l o r i d e 
I C M C STRENGTH 
OP BUFFER 0 . 0 1 5 1 6 0 . 0 2 0 1 7 0 . 0 4 0 1 9 0 . 0 6 0 2 0 0 . 0 2 C ) . 0 4 
TElffERATURE 
E X P . l O m S . C O R R . E X P . l O K I S o C O R R . 
PK^ 
E X P . l O m S . C O R R . E } I 
c:. 
l O N I S . C O R R . mKs E X P . l O N I S . O O R R . E X P . l O m S . C O R R . MEAN 
PK^ 
5 ° 4 . 2 7 2 4 . 2 2 0 4 . 2 6 0 4 . 2 2 0 4 . 2 4 1 4 . 2 2 1 4 . 2 3 5 4 . 2 2 2 4 . 2 2 1 4 . 3 0 1 4 . 2 2 1 4 . 2 6 1 4 . 2 2 0 4 . 2 2 1 
1 0 4 . 2 6 3 4 . 2 1 2 4 . 2 5 0 4 . 2 1 1 4 . 2 3 2 4 . 2 1 2 4 . 2 2 6 4 . 2 1 3 4 . 2 1 2 4 . 2 9 1 4 . 2 1 1 4 . 2 5 2 4 . 2 1 1 4 . 2 1 1 
1 5 4 . 2 5 6 4 . 2 0 5 " 4 . 2 4 3 4 . 2 0 4 4 . 2 2 5 4 . 2 0 5 4 . 2 1 9 4 . 2 0 6 4 . 2 0 5 4 . 2 8 4 4 . 2 0 4 4 . 2 4 5 4 . 2 0 4 4 . 2 0 4 
20 4 . 2 5 1 4 . 2 0 1 4 . 2 3 9 4 . 2 0 1 4 . 2 2 0 4 . 2 0 1 4 . 2 1 5 4 . 2 0 2 4 . 2 0 1 4 . 2 8 1 4 . 2 0 1 4 . 2 4 2 4 . 2 0 1 4 . 2 0 1 
2 5 4 . 2 5 0 4 . 2 0 1 4 . 2 3 9 4 . 2 0 1 4 . 2 2 0 4 . 2 0 1 4 . 2 1 4 4 . 2 0 1 4 . 2 0 1 4 . 2 8 1 4 . 2 0 1 4 . 2 4 1 4 . 2 0 0 4 . 2 0 1 
30 4 . 2 5 2 4 . 2 0 3 4 . 2 4 0 4 . 2 0 3 4 . 2 2 3 4 . 2 0 4 4 . 2 1 7 4 . 2 0 4 4 . 2 0 4 4 . 2 8 4 4 . 2 0 4 4 . 2 4 3 4 . 2 0 2 4 . 2 0 3 
55 4 . 2 5 8 4 . 2 1 0 4 . 2 4 4 4 . 2 0 8 4 . 2 2 7 4 . 2 0 9 4 . 2 2 1 4 . 2 0 9 4 . 2 0 9 4 . 2 9 0 4 . 2 1 0 4 . 2 4 8 4 . 2 0 8 4 . 2 0 9 
40 4 . 2 6 3 4 . 2 1 6 4 . 2 5 1 4 . 2 1 5 4 . 2 3 4 4 . 2 1 6 4 . 2 2 7 4 . 2 1 5 4 . 2 1 6 4 . 2 9 6 4 . 2 1 6 4 . 2 5 5 4 . 2 1 5 4 . 2 1 6 
45 4 . 2 6 9 4 . 2 2 3 4 . 2 5 7 4 . 2 2 2 4 . 2 4 1 4 . 2 2 3 4 . 2 3 4 4 . 2 2 2 4 . 2 2 3 4 . 3 0 6 4 . 2 2 6 4 . 2 6 2 4 . 2 2 2 4 . 2 2 4 
50 4 . 2 7 7 4 . 2 3 2 4 . 2 6 5 4 . 2 3 0 4 . 2 5 0 4 . 2 3 2 4 . 2 4 2 4 . 2 3 0 4 . 2 3 1 4 . 3 1 5 4 . 2 3 5 4 . 2 7 2 4 . 2 3 2 4 . 2 3 4 
55 
60 
4 . 3 2 7 
4 . 3 4 2 
4 . 2 4 7 
4 . 2 6 2 
4 c 2 8 1 
4 . 2 9 2 
4 . 2 4 1 
4 . 2 5 2 
4 . 2 4 4 
4 . 2 5 7 
corrected" pK values for benzoic acid determined in a 
two standard bufferss sodium hydrogen succinate/ 
hydrochloric acid (Table 5)^, and acetic acid/sodium 
acetate/sodium chloride (Table 7a/7b)^o It is clear 
that to a high degree of precision over the whole 
temperature range, the "ionisation corrected" pK values a 
appear to be independent of the buffer system and also 
independent of the ionic strength of the solution between 
the limits of 0,01516 to 0 o 0 6 0 2 0 o 
It should be noted that the raw experimental pK a 
values measured at any given temperature differ widely 
for the two buffers and for the various ionic strengths» 
It is only when the ionisation correction for the effect 
of the subject acid on the acidity function of the bi;iffer 
is added that the pK become independent of the nature a 
of the systemo It should also be emphasised that this 
correction value is entirely computer calculated» The 
raw pK values are fBd into the computer together with a 
information on the buffer system^ and the corrected pK (d, 
values are put out» There is no opportunity for 
subjective adjustment of the results to obtain the 
desired constancyo ' 
* By "ionisation corrected" pK^ is meant the pK^ value 
adjusted for the effect of the ionisation of the acid on 
the acidity function of the standard buffer (see Page 72 
for details). 
This gives a very high degree of conridence that the 
pK^ values obtained have thermodynamic significance» 
The ionisation corrected pK of all other benzoic a 
acids studied by the standard buffer technique showed a 
similar independence of buffer type and ionic strength» 
Hence, experimental ionisation corrected pK values a 
determined at different ionic strengths were averaged 
at each temperature to give the thermodynamic pK values» a 
Independence of buffer type and ionic strength has 
also been observed for ionisation corrected pK values a 
of phenols (also of charge type -1) determined by the 
same spectrophotometric technique. 
The ionisation corrected pK of benzoic acids a 
determined with buffers of ionic strength 0,01 deviated 
significantly from values obtained using buffers of 
higher ionic strength« This was demonstrated in studies 
conducted on para-^-methoxy benzoic acid (Page l6o), and 
para-methyl benzoic acid (Page 155)? and has been 
confirmed by similar spectrophotometric studies recently 
8 3 carried out on phenols in this laboratory» 
Buffers of this low ionic strength have very little 
buffering capacity and it is m.ore likely that the 
deviation of the observed pK values is due to a lack 
1 96 
or accuracy in the calculation of the ionisation 
correction rather than to a significant change in the 
activity co-efricient term. For this reason, the use 
of buffers of ionic strength 0.01 or lower, was avoided 
wherever possible. 
Acids of Charge Type Zero^ Determined by the 
"Standard Buffer" Technique. 
The acidity constant of methyl orange was 
calculated from equation 6 - 5i 
+ log ( 
z z 
As discussed in Chapter VI, the activity co-efficient 
term was expected to be either negligible or linearly 
proportional to ionic strength. Figure 9 - 1 shows a 
family or temperature dependent linear plots of 
experim^ental "ionisation corrected" pK values against a 
ionic strength for the four dilute solutions usedo 
The excellent linearity obtained in these plots 
at each temperature was confirmed by least squares 
regression analyses» A correlation co-efficient of 
0.998 or better (Page 188) was found for each of the 
plots. Linear extrapolation of "ionisation corrected" 
pK values to zero ionic strength was therefore used a 
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FIG. 9 - 1 
EVALUATION OF THERMODYNAMIC pK 
OF METHYL ORANGE BY a 
0 . 0 6 
LINEAR EXTRAPOLATION OF EXPERIMENTAL  
"IONISATION CORRECTED" pK^ TO ZERO IONIC STRENGTH 
Nitrobenzoic Acids by the "Indicator Teclinique"o 
The apparent acidity constants of nitrobenzoic acids 
determined by the indicator technique, the theory of 
which has been given in Chapter VT, were evaluated Trom 
equation 6 - 20i 
m - m -
PK^ = pK^ . log . log 
+ log — ) 
z- A 
By analogy with the activity co-efficient term of the 
^z" ĤA. \ 
previous section, log — — — — j of equation 6 - 20, is 
expected to be negligibly small or linear in ionic 
strength. 
Excellent linear extrapolations having correlation 
co-efficients greater than 0.9^ were shown for the 
apparent pK against ionic strength plots at each a 
temperature for both meta -nitrobenzoic acid (Page 150 
and para-nitrobenzoic acid (Page 171)° 
Thermodynamic pK values were therefore obtained a 
from the linear extrapolation of apparent pK values a 
to zero ionic strength, 
4. Clarke and Glew Results, 
The thermodynamic fimctions of all acids in the 
present study were evaluated by the full Clarke and G1 
procedure , All acids except para-bromobenzoic acid and 
para-nitrobenzoic acid showed statistical significance 
at the 95^ confidence limit with the two variable Clarke 
and Glew equations 
RlnK = _ AGS. ̂  
p 0 e M 
o 00 . 
. A r 2 y n / >.n-1 
+ A C . X ^ 7(-x) 
p'e n+1 ̂  ' 
The thermodjoiamic pK^ values of para-bromobenzoic acid 
and para-ni trob enzo ic acid were best represented at the 
95?̂  confidence limit by the 3 variable Clarke and Glew 
equations 
p 0 0 M 
^ n=1 
0/dAC N r 3 ~ / 
n= I 
The thermodynamic fionctions of all acids calculated by 
the most statistically significant Clarke and Glew 
equation as determined at the 93^ confidence level are 
included in Table 9 - 6 (Page 228) and 9 - 7 (Page 232). 
Errors included in the table represent the 93?̂  confidence 
limits of the thermodynamic functions as evaluated by 
* An "F-test" was used to determine the confidence level. 
the application ot the appropriate statistical Student's 
"t-values". 
(ii) Critical Evaluation of Previous Determinations of ^ 
Thermodynamic Functions of lonisation of Benzoic Acids. 
In general, the reliability of data may be best assessed 
by a comparison of the values obtained with those of 
other workers who have used either similar or different 
techniqueso Howeverj the reliability of many of the 
available I iren^oic acid data has recently been questioned 
by Shorter and by Larson and Hepler » A preliminary-
survey also indicated that many previous studies were 
not directly comparable with others due to the lack of 
consistency in choice of standard state or in the 
constant factors used, etc. A critical re-examination 
of literature values was therefore essential if a 
meaningful comparison of the current work with 
previous determinations was to be made. 
This section of the thesis is based upon a critical review 
of previous determinations of thermodynamic functions of 
ionisation of many aromatic acids undertaken by Dr» PoD» 
Bolton. The present author actively participated in the 
collection and compilation of the data for benzoic acids 
and also in the recalculation of the results. 
• C a l o r i m e t r i c D e t e r m i n a t i o n s . 
( a ) B e n z o i c A c i d 
1 K 
Fernandez and H e p l e r measured tJae h e a t of n e u t r a l -
i s a t i o n (AH^^) o f sodium benzoate by aqueous HCl a t 
2 5 ° and 4o°Cs 
Na^B"/ X + H.O'^/ s Z HB/ . + Na"^/ ( c ) 3 ( a q ) ( a q ) ( a q ) 
The c o n c e n t r a t i o n of sodium b e n z o a t e used ranged 
from O0O23M to O0OO2M and, a t the measured e n t h a l p y 
— 1 — 1 v a l u e s v a r i e d from - 6 3 0 c a l mol" to - 6 7 9 c a l mol" » 
H e a t s of s o l u t i o n (AH ) of sodium benzoate a t the same ^ s ^ 
t e m p e r a t u r e and a t c o n c e n t r a t i o n s r a n g i n g from 0<,o4M 
to 0.008M were a l s o measured? 
Na'^B"/ X B " / X + Na"^/ s ( c ) ( a q ) ( a q ) 
The o b s e r v e d e n t h a l p y v a l u e s f o r t h i s r e a c t i o n were 
between - 4 8 9 c a l mol"^ and - 5 ^ 6 c a l mol ^ a t 2 5 ^ 0 , 
By H e s s ' Law, a com.bination of the above two 
r e a c t i o n s g i v e s the r e q u i r e d h e a t o f i o n i s a t i o n , H^8 
and 
/ \ J:5 / \ + ri^u ( \ ( a q ) ( a q ) 3 ( a q ) HB/ X B " / ^ X H, 0"̂  
Hence, 
Hi = «s - "na 
1 9 
Cottrells Drake, Levi, Tally and Wolfenden also 
measured heats of neutralisation of sodium benzoate "vv'itli 
aqueous HCl solutions at 10°, 20° and 30°C. Only one 
concentration of sodium benzoate was used at each 
temperatiore (0»0197 at 25°C), however, and no heats of 
solution or dilution were m^easuxedo 
1 g 
Canady, Papee and Laidler used the alternative 
technique of measuring the heat of neutralisation 
(AHj^g) of benzoic acid by sodium, hydroxides 
HB, X + OH""/ X B""/ + H O (c) (aq) (aq) 2 
Measurements were made only at 23°C and the 
concentrations of benzoic acid used ranged from 
_ o -1 _ Q = 1 
1 x 1 0 - ^ mol litre" to 3 x 10 mol litre e For this 
alkaline neutralisation reaction, the heat changes 
measured are much greater than those found for the acid 
neutralisation of the sodium benzoate salt, being of 
the order of -13400 cal m.ol"̂  c Heats of neutralisation 
obtained in this way may then be com.bined with a knoT..m 
or measured value of the enthalpy of ionisation of 
water 
H^O . H^O . 
to give the required heat of ionisation, s 
i.e. = A H ^ ^ . 
The value of is about + 13400 cal mol"^ so that 
in this method, as in the acid neutralisation method 
used by Hepler and by Cottrell, the heat of ionisation is 
obtained as the difference between two members of almost 
the same size, 
86 
Leun^ and Grimwald used the above technique to 
measure heats oT ionisation Tor benzoic acid at temperatures 
ranging from 0^ to 33°Co Measurements were made on only 
on© concentration oT benzoic acid at each temperature. 
As Table 9 - 2 shows, the above four investigations 
agree remarkably well on the value reported for the 
o 
enthalpy of ionisation of benzoic acid in water at 25 C» 
This agreement, however, does not extend to other 
temperatures » 
The alkaline neutralisation approach, as used by 
Laidler's group and by Grunwald's group, clearly relies 
heavily upon an accurate value for the heat of ionisation 
of water at 23°C Laidler used his own determined 
value of 13500 cal mol^ while Grunwald used 1333^ cal mol" „ 
There is some disagreement over the "best value" of 
1 0 
enthalpy for this reaction with one group of workers 
(mostly by Van't Hoff methods) reporting results close 
to 13500 cal mol~^ while calorimetric determ,inations 
20k 
TABLE 9 - 2 
CALORIMETRICALLY DETERMINED ENTHALPIES OF 
BENZOIC ACID IN WATER 
o AT 25 C. 
cai mol o 'I AH cai mol 
Worker Reference (reported in (revised as per 









103 i 4o 
110 i 60 
90 i 6o 
118 i ? 
^ 170 
> - 1 6 2 
- 8 0 
(with the exception of Laidler's) agree on 13335 cal mol"^ 
Hepler and his research group have used the alkaline 
neutralisation technique to determine the enthalpies of 
86 88 ionisation of phenols and aniliniiim ions , Their 
results for these compounds agree very closely with 
7 3 79 those determined by van't Hoff methods ^ when the 
value of 13335 cal mol"^ is used for AH° . If this value w 
is incorporated into Laidler's results, the heat of 
ionisation of benzoic acid may be recalculated to be 
-1 -80 cal mol 
The overall reaction for the acid neutralisation 
technique employed by Hepler and by Cottrell contains 
several terms for the heats of dilution of the 
participating specieso Hepler extrapolated his values 
of AH,,, and AH to zero concentration to allow for NA s 
these. Figures 9 - 2 and 9 - 3 show plots of Hepler's 
AH^^ and AH^ values at 25°C against the square root of 
the concentration of sodium benzoate, the extrapolation 
plots used by Hepler. It is clear, and a :least squares 
analysis confirms this, that an extrapolation of AH^ 
values against c^, having correlation co-efficient of 
only 0 . 6 2 3 1 , is quite imjustified. The plot of AH^^ 
against c^ is a similar scatter diagram with correlation 
co-efficient 0.4525» For the AH plot, the least squares 
- 7 0 0 -
- 6 8 0 -
- 6 6 o -
AH 
NA 
c a l . m o l 
- 1 
- 6 4 o -
- 6 2 0 -
HEAT OF NEUTRALISATION A T 2 5 C OF SODIUM BENZOATE 
PLOTTED A G A I N S T THE SQUARE ROOT OF THE 
CONCENTRATION OF SODIUM BENZOATE 
(DATA OF FERNANDEZ AND H E P L E R ' ^ ) 
-56o 
- 5 ^ 0 ^ 
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- 5 0 0 -
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F I G . 9 - 3 
,o 
HEAT OF SOLUTION A T 25 C OF SODIUM BENZOATE 
PLOTTED A G A I N S T THE SQUARE ROOT OF THE CONCENTRATION 
OF SODIUM BENZOATE (DATE OF FERNANDEZ AND HEPLER' ^ ) 
analysis, Table 9 - 3 , shows the magnitude of the slope 
to be less than the 95^ conridence limit in the slope» 
That is to say, the extrapolated slope is insignificantly 
different from zero and, for Hepler's data, no 
extrapolation can be strictly justified. For the 
plot, the magnitude of the slope is just greater than 
the 93^ 
confidence limit in the slope, and am 
extrapolation is statistically justified. 
As theory requires that these results be 
"extrapolated", the intercept values of the least 
squares analyses were used to calculate the enthalpy of 
ionisation of benzoic acid to be 133 cal mol \ 
Al though./one^ploi is statistically insignif icantly 
different from zero, and the other just significantly 
different from zero, the least squares slopes of the 
two extrapolations are very similar. 
c^ = 223; ah against c"̂  = 223). For data showing such 
S 
poor correlation, it is not surprising that Hepler, 
{f 
although guided by the Debye-Huckel Lim.iting Law and 
experimental heats of dilution of other electrolytes, 
failed to "recognise" the similarity in slope in his 
own data. 
* Student "t" - test was used to determine the 
confidence limxts 
TABLE 9 - 3 
LEAST-SQUARES ANALYSIS OF HEAT OF NEUTRALISATION 
AND HEAT OF SOLUTION OF SODIUM BENZOATE 
FOR THE DATA OF HEPLER. 15 
Data for the Heat 
or Neutralisation 
of Sodiiim Benzoate 
Data for the Heat 
or Solution - : 
of Sodium Benzoate 
Correlation 
Co-efficient OO4525 O»6231 
Slope 223 225 
Standard Deviation 
in Slope 122 11 5 
95^ confidence 
limit in Slope 220 232 
Intercept Values? 
Average - 650 t 36 - 507 - 3^ 
Extrapolated - 677 i 35 - 5^2 - 35 
Reported (Hepler) - 670 i 35 - 565 - 35 
.0 
AH' 23 (recalculated) = 170 i 50 
A H ^ ^ (Reported by Hepler) = 105 - 4o 
21 0 
If the respective experimental heat values are 
averaged to obtain AH^^ and extrapolated to yield , 
as the least squares analyses would indicate they 
should be, a value of 170 Î 50 cal mol"^ is obtained 
for the enthalpy of ionisation of benzoic acid« 
It would therefore appear that Hepler's value of 
AH of 105 cal mol"^ is probably about 30 to 60 cal s 
mol"^ low and possesses an unknown error» 
Cottrell and co workers' measurements were made 
at only one ionic strength and so they were not able to 
extrapolate their results but were forced to rely on 
heats of dilution and solution calculated by the Debye-
Huckel theory. Because the coneentration used by 
Cottrell lies within the range used by Hepler, the 
latter»s averaged value for the heat of solution of 
sodium benzoate can be used to recalculate Cottrell's 
- 1 
heat of ionisation for benzoic acid as -162 cal mol 
This, alm^ost certainly, represents a gross over-correction 
of the data, but it highlights the major inconsistencies 
which can occur with the calorimetric method, 
Laidler's data also contains implicit heats of 
dilution which were taken care of by extrapolation to 
zero ionic strength. In contrast to Hepler, however, 
Laidler observed a high degree of linearity b e w e e n 
and concentration (but not c^) although the 
21 1 o 
precision was about the same in both investigations. 
At the same time as their benzoic acid determination, 
Laidler's research group carried out a parallel 
investigation of the heats of ionisation of substituted 
phenols, anilines and pyridines. In a later paper, Chen 
78 
and Laidler reported that the work on phenols contained 
serious.experimental errors and that the work on 
anilines and benzoic acids was also suspect. 
Leung and Grunwald reduced their m,easurem,ents to 
zero ionic strength by a combination of measured heats 
of solution with heats of dilution calculated by Debye-
11 
Huckel theory. Since they worked at one ionic strength 
only, however, they were unable to demonstrate the 
thermodynamic significance of their results. Indeed, 
the impression is given that they used the "knovvn" 
values for the heats of ionisation of water and of 
benzoic acid at 23°C to "calibrate" their calorimetrio 
technique for the measurements at other temperatures, and, 89 later, in other solvents 
28 
Christensen, Izatt and Hansen have used the 
thermometric titration of benzoic acid by perchloric 
acid to determine the enthalpy of ionisation of 
benzoic acid at 25°C as 150 - 50 cal mol~\ Required 
heats of dilution were taken from the literature. 
Solutions ranging in ionic strength Trom 0.01 to 0«06 
were used but no significant dependence of AH^ on 
ionic strength, was observed. It is difficult to 
Judge where this relatively new technique stands with 
regard to reliability and accuxacy in comparison with 
more established calorimetric methods. Christensen 
23 26 and Izatt themselves , as well as others , have 
pointed out that their method is really unsuitable 
for acids having pK > 3-0 or small enthalpies of a 
ionisation, and both these restrictions apply to 
27 
benzoic acid. Christensen, Wrathall and Izatt later 
described a modification of their technique more 
suitable for acids having acidity constants in rhe range 
4 < pK <10« but this was not used in their benzoic ^ a ' 
acid determination, A very vigorous attack on the 
accuracy of the Christensen and Izatt technique has 
90 been made by Cabani and Gianrii-̂  , The technique has 
91 been equally vigorously defended 
(B) Substituted Benzoic Acids. 
f Q2 
Zawidzkic Papee and Laidler^ determined the 
enthalpies of ionisation at 25°C, of the three toluic 
acids and the three mono-methoxy substituted benzoic 
acids. The method used was identical to that used by 
Canady, Papee and Laidler for benzoic acid. The values 
given in Table 9 - 7 (Page 232) have been adjusted 
by incorporating tlie revised value of 13333 cal mol~^ 
for the heat of ionisation of water. 
These results, like those of Canady, Papfee and 
Laidler for benzoic acid,have also had their validity 
78 questioned by Chen and Laidler 
(ii) Van»t Hoff Methodso 
The earliest reported study of the thermodynamic 
functions of ionisation of benzoic acids dates from 
1898 when Schaller^^ measured the acidity constants of 
benzoic acid and twelve substituted benzoic acids in 
water, Schaller used a conductance method which was 
clearly capable of very high precision and his 
measurements covered a very large temperature range 
{25 - 99°C for most of his acids) and a wide range of 
concentrations of acid. No values of AH° or were 
reported for 25^C but these were later calculated by 
Everett and Wynne-Jones^^, using their two temperature^ 
variable empirical equation on Schaller»s raw data, 
Everett and Wynne-Jones correctly pointed out that 
Schaller»s results were concentration acidity constants, 
not thermodynamic and the value of enthalpy and entropy 
calculated from them would be only an approximation to 
AH and This point was ignored by many later workers 
and reviewers, however, and Schaller's results were 
frequently wrongly attributed to Everett and Wynne-Jones, 
thus giving the results an aura of respectibility which, 
by their antiquity, they did hot completely deserveo 
An analysis of Schaller»s paper indicates that the 
acidity constants could be brought to approximate 
thermodynamic significance by the addition of a 
- 2 log f term« Table 9 - 4 shows the results of the 
addition to the pK values at 25°C of such a term 
a 
t  
calculated by the Debye-Huckel equation using an a o * 
value of 3oO Ao It is clear that the activity co-
efficient term diminishes the concentration dependence 
of the pK values and, at the same time, brings the a 
mean value very close to the "accepted" literature value 
of 4,202o This correction procedure was therefore 
carried out on all the other acids studied by Schaller, 
except meta-iodobenzoic acid and para--me tho xyb enzo ic 
acid. These two acids were omitted from this survey 
since Schaller gives no results for these acids down 
to 23^C and it would therefore be incorrect to calculate 
AH° and values for these two acids from Schaller's 
* The results were largely insensitive to the choice of 
the value of a o —o 
TABLE 9 - k 
ACIDITY CQNSTA.NTS (pK^) OF BENZOIC ACID 
MEA.SURED BY SCHALLER AT 25^C» 
Mean Value 
Ionic Strength 23 25 
(Reported by (Corrected by application 
X 10 Schaller) of Debye-Huckel equation) 
1 .00 4.167 4.198 
0.693 4 . 1 7 1 4.197 
0.484 4.165 4.187 
0.330 4.170 4.188 
0.223 4.182 4.197 
4.171 
data. For all acids at all temperatures, the slopes 
of plots or pK^ against y^ (where y is the ionic 
strength), were found to be insignificantly different 
from zero, thus indicating that the addition of the 
activity co-efficient term has made negligible the 
concentration dependence of all the pK values given» a 
Since Schaller had worked on the molar scale, the 
averaged pK values for each acid at each temperature a 
Q 5 o o were corrected to molal values and the AH and AS 
values then recalculated using the Clarke and Glew 
procedure« These values are listed in Tables 9 - 6 
(Page 228) and 9 - 7 (Page 232). 
The only other precise determination of the enthalpy 
of ionisation of benzoic acid by a conductance 
technique has been made recently by Smolyakov and 
Primanchuk^^ o Again a very wide range of temperature 
was used (25 - 90°C). Insufficient details are given 
on the precision achieved but the work appears to 
have been carried out with considerable attention to 
detail. The results reported in the original paper are 
on the molar scale, and these have been adjusted to the 
molal scale and the AH° and AS° values recalculated 
by the Clarke and Glew procedure instead of the two 
temperature variable empirical equation used by 
Smolyakov and Primanchuk, 
a 
The work of both Schaller and of Smolyakovcand 
Primanchuk is characterised by high precision in pK 
and wide temp era tî ê range, yet in both cases, the 
error in is very large (- t I80 cal mol"^). In 
both sets or data, 25°C is the lowest temperatiire at 
which measurements have been made. When a first 
differential quantity, such as enthalpy is determined 
from measurements of some physical property over a 
range of temperatixre, thé error in the quantity is much 
larger at the extremities of temperatiojre than in the 
middle of the experimental temperature range. It follows, 
therefore, that if the primary objective of an experi-
mental investigation is the accurate determination of 
thermodynamic functions at 25°C, it is far better to 
o 
extend the experimental temperature below 25 C than to 
take it to extreme values at higher temperatiires as both 
Schaller and Smolyakov and Primanchiak have done. 
Ellis^^ also used a conductance technique to measure 
acidity constants for benzoic acid at sis temperatures 
between 25° and 225°C, No values of AH° or were 
given. For completeness, Table 9 - 6 (Page 228) shows 
the values of the thermodynamic functions of ionisation 
of benzoic acid calculated from Ellis» data by the 
Clarke and Glew method, but the precision of the data 
is too low for the results to have any real signifieance. 
Two studies of the thermodynamic fiinctions of 
ionisation of benzoic acids by e.m.f. methods, using a 
quinhydrone electrode in conjî tiction with a Ag/AgCl 
electrode appeared in the literature at about the same 
time. 
98 
Briegleb and Bieber reported measurements on 
benzoic acid and eight substituted benzoic acids over 
the temperature range 15 - while Jones and Parton^^ 
reported data on benzoic acid for the temperature range 
20 - 30°Co The latter workers reported some drift in 
1 0 
the e.m.f. values measured, and King has noted that 
quinhydrone electrodes become unstable above 30^C. 
Briegleb and Bieber*s study covered the widest 
range of substituted acids since Schaller's investigation 
4 99 
and has been very widely quoted ' . Unfortunately, 
Briegleb and Bieber used a graphical m.ethod of doubtful 
validity for the calculation of the thermodynamic 
functions from the pK against temperature data, and it a 
has also been reported^^^ that their work contains 
several miscalculations. Because of the potential 
importance of the Briegleb and Bieber study, it was 
decided to recalculate the whole data set from the raw 
experimental re sults• 
equations 
The basis of Briegleb and Bieberns work is tlie 
1 01 
P^a = - "k - "k - ("̂ x - v r c i ' 
2 
^ ' - ^ 
where k = 2.30259RT/F; 
E^ is the observed e.m.f. of the cell containing the 
benzoic acid: and E is the standard potential of the o ^ 
cell ujider the same conditions. The "m" terms should 
reTer to the molal concentrations oT the species 
indicated in a solution containing the weak acid, HX, 
its sodiiim salt, NaX, and sodiujn chloride, NaCl» In 
Tact, Briegleb and Bieber appear to have used molar 
concentrations. The "y " terms refer to the activity 
co-efficients of the indicated species on the appropriate 
concentration scale. 
Values of E at each temperature were obtained hy o 
extrapolating measurements made on appropriate cells 
and with values of E^ measixred on cells of known "^X, 
"VaX and then, neglecting for the moment the 
activity co-efficient term, equation 9 - 1 contains only 
two luiknown terms, and pK . With an approximate a 
value of pK known, an approximate can be calculated 
from a rearrangement of the expressions 
V = K- , 9 - 2 
^ "^aX + V 
This value may then be inserted into equation 9 - 1 to 
obtain an improved, value of K which is then re—inserted a 
into 9 - 2 to give a better estimate of and the 
whole process re-iterated until pK^ was constsLtit, 
If this procedure is carried out at each ionic 
t 
strength, a series of concentration pK values is a 
obtained which can be extrapolated to zero ionic strength 
at each temperature to obtain the thermodynamic pK a 
value. 
A computer program was written which carried out 
I 
the re-iterative procedixre until the pK^ values were 
constant to 0.0001 and which also calculated least I 
squares extrapolations of the resulting pK^ values 
against both I and I^. In the course of the re-
calculations, numerous (usually obvious) misprints 
in Briegleb and Bieber's tables of data were foimd and 
corrected. Some miscalculations of the data were also 
found and corrected. For all acids except meta-
cyanobenzoic acid, plots of pK^ against both I and I^ 
showed no significant linearity, that is, the least 
squares slopes of the plots were always less than the 
! 
calculated errors of the slopes. Hence, pK^ values 
221 o 
were averaged at eacli temperature to give the 
thermodynamic values. The activity co-efficient term 
of equation 9 - 1 would be expected to be very close 
to zero for the ionic strengths at which this 
investigation was carried out and hence there is no 
strong reason for imposing an extrapolation procedure 
on data which does not justify it. For meta-cyanobenzoic 
I acid, a very definite linearity of pK with I was a 
found and extrapolated pK values were therefore used a 
for this acid. There is no obvious reason why the data 
for this acid should be so different from those of 
other acids. 
The pK values were converted to the molal scale a 
and AH° and values calculated by the Clarke and 
Glew procedure. 
Jones and Parton's results were also recalculated 
from the raw experimental data, simply because the 
same computer program could be used. The recomputed 
values agreed closely with those of Jones and Parton. 
In the course of these re-calculations, however, it 
became clear that pK values determined in this way a 
are heavily dependent on a knowledge of accurate values 
of E . Jones and Parton used E values given by Harned o o 1 02 and Wright which differ from those recorded by 
Briegleb and Bieber by about 0.0005 volts. Table 9 - 5 
shows a comparison of pK values calculated from the data a 
of Jones and Par ton, using the E^ values of Harned and 
Wright and of Briegleb and Bieber. 
It is clear that a change of 0.5 mv in E^ introduced 
a change of about 0.01 in pK and is therefore highly a 
significant. Because the difference between the E o 
scales is approximately constant, AH^^j. is, as Table 
^ J 
9 - 5 shows, largely unaffected by the choice of E^. 
Jones and Parton reported a value of AH"^^ ^ 104 
cal mol for benzoic acid calculated by the Harned-
Robinson empirical equation. ¥hen the Clarke and Glew 
procedure is applied to Jones and Parton*s results, 
however, it is found that, because of the narrow 
experimental temperature range, the two-temperature 
variable equation (which approximates to the Harned-
Robinson equation and which also gives ^^25 ~ ^^^ ^^^ 
mol~^) has no statistical significance» The thermo-
dynamic fianctions must therefore be calculated from the 
one-temperature variable equation to find the best values 
of the thermodynamic functions calculable from the data 
and this brings their actual value of AH° down to 
-j 
8 i 260« cal mol" o 
TABLE 9 - 5 
EFFECT OF E^ VALUES ON CALCUIATED pK 
a 
Temperature 
( ° C ) 
pK calculated using 
a 
E values of Harned 
° 102 
and Wright 
pK calculated using 
a 
E valued of Briegleb 
° 98 
and Bieber 
20 4 . 2 1 4 4 . 2 0 5 
25 4 . 2 0 9 4 . 2 0 0 
30 4 . 2 1 0 4 .201 
35 4 . 2 1 3 4 . 2 0 5 
-1 
cai mol 
8 1 260 7 " 280 
cai mol 
-19 . 27 - 0 .01 -19 .2 - 0.9 
The only previous spectrophotometrie determination 
is that carried out by Wilson, Gore, Sawbridge and 
1 03 
Cardenas-Cruz , who have reported thermodynamic 
fixnctions oT ionisation Tor benzoic acid and ten methyl 
substituted acids Trom pK measurements made over the a 
range of temperature, 13 - 4o°C. This work may be 
severely criticised on several groijnds. 
1 . The measurements were made in standard buTfers 
at only one ionic strength. Activity co-emcient 
terms were calculated by the modified version of the 
ft 
Debye-Huckel equation given by Harned and Robinson 44 
and added to the observed pK values» No measurements ^ a 
were made at other ionic strengths to demonstrate the 
thermodynamic significance of their results. Wilson 
et al do not appear to have been aware that for the 
buffer they used for the majority of their acids 
(sodium acetate/acetic acid/NaCl), values of the 
acidity fianction Ĉl"̂  were available. The use 
of this function would have avoided the troubles 
associated with activity co-efficient corrections 
made via empirical equations. Unfortunately, 
insufficient data is given to permit a recalculation 
of the results by this alternative procediire. 
2, The pH or tlie standard buffer solutions were 
"checked" by a pH meter which Wilson et al clearly 
believed capable of reading correctly to 0.001 pH 
units. This, of course, defeats the whole purpose 
of using standard buffer solutions, since no pH 
meter can give thermodynamically significant 
readings of pH to this degree of accuracy over this 
temperatiare range. 
3. Wilson et al make no mention of any correction 
being applied to their pK values to allow for the a 
effect of the xi3nijsa.tion of the benzoic acid on the 
standard buffer. For the acetate buffer used, this 
correction can be calculated to be approxim^ately -0.013 
pH units at 25°C, and hence, the reported pK^ values 
are in error to at least this extent. The other buffer 
used (Davies Universal Buffer Solution), involves the 
interaction of so many equilibria, that it is doubtful 
if even the computer-method of the present work could 
calculate the appropriate correction. It is possible 
that this ionisation effect on the pH of the buffer 
was compensated for by adjustment to the observed pH 
recorded by the pH meter. Such a procedure would have 
little value in producing thermodynamically significant 
pK values. ^ a 
Wilson et al claimed to have calculated and AS° 
values Trom their data by the Clarke and Glew method. 
In Tact, they used only the two-temperature variable 
equation with no statistical test of significance. This, 
of course, reduced the Clarke and Glew method to an 
empirical equation and defeats the whole purpose of the 
procedure. 
The pK^ values of Wilson et al have been converted 
to the molal scale and the full Clarke and Glew procedure 
applied. It was foimd that for all acids except 
benzoic acid, the results were too imprecise to permit 
the use of any but the one-temperature variable 
equation for the evaluation of AH° ajid 
5. Wilson et al also reported thermod5aiamic functions 
of ionisation for eight other substituted benzoic acids 
with no source given and which, from their paper, it 
1 04 
would appear they also measured. In fact , these were 
merely calculated by their amputated Clarke and Glew 32 method from pK values taken from Robinson and Stokes . a 
These re-calculations have, of course, no validity. 
In view of these trenchant criticisms, it is perhaps 
not surprising to find that Wilson et al*s AH° and AS^ 
values for the three methyl substituted acids differ 
widely from all other reported values. Indeed, if 
Wilson's values are to be believed, then a meta^methyl 
substituent has a far greater effect on the thermodynamic 
functions of ionisation of benzoic acid than does any 
other substituent J including the nitro or cyano groups» 
It follows that these, and all of Wilson et al'ë  
results, should be completely disregarded as they 
clearly have no value whatsoevero 
(iii)Comparison of the Thermodynamic Functions of Ionisation 
of the Present Study with the Re-evaluated Values of 
Previous Determinations, 
Table 9 - 6 shows a comparison of the results of 
the present study with those of other workerso Both 
recalculated and the originally published values of 
thermodynamic functions of ionisation have been included. 
In the "recalculated coliajnn", all values are on tl̂ e 
molal concentration scale» Calorimetric studies 
dependent upon the heat of ionisation of water have been 
o -1 systematised with AH^ ^ 13335 cal m.ol , and an attempt 
has been made, wherever possible, to evaluate on a 
"common" basis, necessary heats of dilution. Errors 
of the calorimetric method are estimates of the 
probable errors involved and are based on the estimates 
of uzLcertainties discussed by the original workers o 
TABLE 9 - 6 
TIiEimODYIlAtnC FJWCTTONS OP TONISATin« iW BENZOTC ACID. 
Thermodynamic Functions of 
Ionisation at 250G recalculated 
as per text. 
Thermodynamic Functions of 
Ionisation at 25°C reported 
t,/ Worker. 
Method '.Yorker 
AG° AH° A S° AC° 
P P^a 




















































(-0.1) S ) 
4.213 5744 -420 -17.85 -39 e.m.f. Briegleb 
and Bieber 
4.201 5746 
(-5) ^ 2 6 0 ) 
-19.27 
(±0.01) 
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-18.7 Gal. Christensen^® 
The "original" values recorded for Schaller 
are those calculated, by Everett and Wynne-Jones 
from Schaller's data. 
C° determined by interpolation. 
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ITnits of the thermodynamic functions of ionisation are:-













- 1 - 1 
cal deg mol ; 
- 1 - 1 
cal deg mol 
Acidity constants determined by Van't Hoff methods 
frequently contained subjective errors due to the use of 
graphical procedures. These have been eliminated, 
wherever possible, and replaced by non-subjective 
computer techniques. The terms Ah"̂ , AS° and AC° 
P 
at 25 C have been evaluated by the Clarke and Glew 
procedure, and the values corresponding to the 95^ 
* 
confidence limit recorded. Errors in the Van't Hoff 
method are those of the 95^ confidence limits evaluated 
by the application of the appropriate statistical 
Student's "t-values", 
It is clear from the recalculated values cfAH^^^ 
for benzoic acid that calorimetrically determined 
standard enthalpy changes are far less consistent tl̂ ân 
the original publications would indicate« From thess 
t i + -»I data, a weighted m.ean value of 49 = 57 cal mol may be 
calculated for the calorimetric studies. 
An analysis of the recalculated values of AH^^^ 
determined by Van't Hoff methods^ have similarly yielded 
* An F~test was used to determine the confidence levels 
t Emih value was given a weight inversely proportional to 
its variance. 
U The values of Ellis and of Wilson were too inaccurate 
to be included in this analysis» (See Chapter 
Section (a)(ii))„ 
a weighted mean of -7 1 I 26 cal mol , where the error 
represents the conridence limit determined by the 
application of the student "t-value" to the standard 
error• 
It is therefore clear that the weighted mean 
enthalpy value determined by the two methods is 
significantly different from each other. 
A weighted mean of the values of the entropy of 
ionisation of benzoic acid determined by Vaji^t Hoff 
-J 
methods may be calculated to be -19.27 - 0.05 cal deg" 
mol \ 
The work of the present study is in very good 
agreement with the calculated weighted mean values for 
the enthalpy and entropy of ionisation of benzoic acid, 
by Van't Hoff methods and shows a considerably higher 
degree of precision than the average. For Van«t Hoff 
methods, being a second differential quantity, is P 
difficult to measiire with any degree of accuracy. 
However, in three of the calorimetric studies on 
benzoic acid, measurements of AH° were conducted over 
a range of temperature and yield AC° as a first 
differential quantity. As Table 9 - 6 shows, the value 
of Ac determined in this way by the calorimetric P 
te clinique agrees well with the value ot AC° obtained in 
P 
the present work and in so doing gives added conridence 
in all the data oT this project. 
For substituted benzoic acids, the results of the 
present study are in good agreement with the recalculated 
values or previous determinations (Table 9 - 7 ) » Good 
to excellent agreement is obtained between the present 
work and the calorimetric studies oT Laidler and 
conductimetrie work of Schaller. Good to Tair agreement 
is also shown with the results of Briegleb and Bieber, 
a lack of confidence in the accuracy of which has been 
4 recently expressed by Laremi and Hepler . 
The only work to show serious deviation fromjthe 
results of the present work, is that of Wilson. In 
view of the stringent criticisms which have been 
levelled at Wilson's determinations, and the wide 
deviation of his results from those of the present 
study and all other determinations, the results of 
Wilson may be safely disregarded. 
Thermodynamic Fujictions of Ionisation of Methyl Orange. 
The thermodynamic functions of ionisation of methyl 
1 05 
orange have been previously determined by Pekkarinen 
using a similar spectrophotometrie method to that of the 
TABLE 9 - 7 
irERlVl()DmWIC FUNCTIîiNS OF lOllIGilTIOM OF o"B3îI?ïïteD BEN/.OTG ACIDG. 
Acid 
Thermodynamic Functions at 25°C 





25°C reported by Method Worker 
pK A G° AH° AS° AC° 
a p 
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( - 0 . 0 5 ) (Ì2) 
Spect. this study 
5.805 5189 
(-1) 











( i o . 0 7 ) 
-41 
(Ì5) 
Spect. this study 




4705 3 2 0 -14.7 -57.2 e.m.f. *Schaller95 
rABLE 9 - 7 
(Contd.) 
Tiie rmo dynami c Fune ti 0, ns at 25^0 Thermodynamic Fanctions of 
Acid Recalculated as per text. loriisation at 
Worke r 
25 0 reported by Method Worker 
^0 
AO A S° A c ! pK AG° a 
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(-0.09) á ) 
3.442 4694 74 -15.5 -30.5 e.m.f. Briegleb 
and Bieber 
TABLE 9 - 7  
(contd.) 
Acid 
Thermodynamic Punctions at 25 C 
Recalculated as per text . 
Thermodynamic Functions of 
Q 





a g ° A H ° A S ° A C ° 
P 
pK A G ° 
a 
A H ° A S ° 
ortho-methyl 
benzoic acid 
3 .902 -1658 
(-9) (Ï0 .03 ) 
-30 
(-1) 
















































2 .911 3970 
(-1) 
-2601 
( i i i ) 
-22.04 
( io . 04 ) 
-26 
( i i ) 
Spect. this study 
2 . 918 3976 
(-15) 
-24O8 
( i l5 ) 
-?1.4 
( Î 0 . 8 ) (-7) 
3926 -2470 -21.5 -28.3 Gcnduct. *Schaller55 
ortho-bromo 
benzoic acid 
2 .8O4 5923 
(-1) 
-2877 





Spect. this study 





( io . 07 ) 
-42 
(Ì2) 
Spect. this study 








3903 -3250 -24.0 -21.9 Conduct. *Schaller^^ 
The "original" values recorded for Schaller are 
those calculated by Everett and Wynne-Jones94 
from Schaller 's data. 
Units of the thermodynamic functions of ionisation are:-
pK is the thermodynamic acidity constant; 
^25 












- 1 - 1 
cal deg mol 
oal deg ^^^ . 
p r e s e n t s t u d y b u t o v e r a m u c h n a r r o w e r t e m p e r a t u r e r a n g e 
(25" - 5 0 " C ) . T h e r e s u l t s he o b t a i n e d w e r e s 
A g° = -^700 c a l mol"\- A H° = 3 3 5 0 c a l m o l " % 
as"" = -4.4 c a l deg-''mol"'' ' 
A C p = 22.6 c a l d e g " V o l " \ 
H i s r e s u l t s h a v e b e e n c o n v e r t e d to the m o l a l scale 
a n d r e - e v a l u a t e d u s i n g c o m p u t e r techniques T o r 
e x t r a p o l a t i o n to zero ionic s t r e n g t h t o g e t h e r w i t h the 
a p p l i c a t i o n o f a c o r r e c t i o n T o r the effect of the 
i o n i s a t i o n of the a c i d on the s t a n d a r d b u f f e r . The 
t h e r m o d y n a m i c f u n c t i o n s o f i o n i s a t i o n of m e t h y l o r a n g e 
w e r e t h e n r e - c a l c u l a t e d u s i n g the Clarke a n d G l e w 
p r o c e d u r e a n d w e r e f o u n d to be o n l y s i g n i f i c a n t w i t h 
the one t e m p e r a t u r e v a r i a b l e e q u a t i o n . T h e r e c a l c u l a t e d 
v a l u e s w e r e s 
AG° = 4 6 8 2 c a l ; A H° = 3698 c a l mol"^ | 
1 1 
AS° = -I3.8 c a l d e g " m o l " . 
It w o u l d a p p e a r f r o m the d i f f e r e n c e i n the r e p o r t e d 
a n d r e c a l c u l a t e d v a l u e s of AH° an d AS° that some e r r o r 
h a d b e e n m a d e b y P e k k a r i n e n in c a l c u l a t i n g the thermo-
d y n a m i c f u n c t i o n s o f i o n i s a t i o n f r o m the a c i d i t y f u n c t i o n 
d a t a . 
T h e t h e r m o d y n a m i c f u n c t i o n s of i o n i s a t i o n of m e t h y l 
o r a n g e d e t e r m i n e d in the p r e s e n t s t u d y ares 
= 4690 i 1 cal mol"^ ; AH^ = 4280 t 20 cal ^ 
AS° = 1.37 - Oo06 cal inol-^deg"^ and 
AC° = 8 ^ 3 cal deg"Vol"\ 
Pekkarinen' s recalculated values of AG Tor metJayl 
orajige is in reasonable agreement with that of the 
present study, but his values for AH° and AS° do 
not agree with the present work^s values. 
(b) LINEAR FREE ENERGY RELATIONSHIPS AND THE IONISATION 
OF BENZOIC ACIDSo 
la 59 
The empirical two-parameter Hammett gp relationship ' 
was originally proposed by Hammett in 1937 to correlate the 
influence of meta- and para- substituents on the reactivity 
of side-chain reactions of benzene ring derivatives. Since 
that time, Hammett a values, which are defined in terms of 
the influence of substituents on the ionisation of benzoic 
acids in water at 25°C, have been found to show significant 
usefulness in many areas. Over 400 reaction series are known 
to be reasonably well correlated by the simple Hammett 
equation. These include all types of kinetic and equilibrium 
data, including such diverse reaction systems as free radical 
reactions, electrophilic and neucleophilic aromatic substitution 
reactions, rearrangement reactions, etc. In addition, it 
has been found that the Hammett equation substituent 
parameters can be successfully used for the correlation af 
substituent effects on various non-reactivity data, partic-
ularly infra-red stretching frequencies, polarographic data, 
and N.M.R. chemical shifts. 
In view of the ubiquity and importance of this simple 
two-parameter linear free energy relationship, a detailed 
analysis of the factors involved in its operation is of 
fundamental importance. The approach which has been used for 
2 
the purpose of this analysis is based on that of Wells . 
Throughout this section, the customary superscript, 
"o", has been omitted from the thermodynamic functions oT 
ionisation in their standard state» It is felt that no 
confusion will be introduced by this omission. 
If it is assumed that the standard free energy change 
(AG^) for a reaction A, may be expressed as a function of a 
number of independent variables, x,y,z, etc, then, at 
constant temperatures 
^ _ X ^ /B AG. X ^ dAG^ = ( - A)^ dx + ( A)^ dy + 
9 X à y 
If X is permitted to undergo a finite change from x^ to 
X. (where x is an arbitrary standard state) while all other 1 ^ o 






= 9 - ̂  
Equation 9 - 3 represents a linear relationship 
between AG . and x (and therefore between log k and x) A, 1 
providing g. remains constant over the range of variation 
of X. 
Since, log K^ = - AG^/2.30259RT, the effect of changes 
in the variable x on the two reaction series A aind B can be 
expressed asg 
log (K./KJ^ = 6log K^ = 
and 
log = «log Kg = 
Hence, 
T 
ôlog K^ = (x^-x^)/2,30259R 
and 
T 
® ôlog Kg = (x^-x^)/2.30239R 
thus 
ôlog K = ° . Slog K 9 - 4 
If reaction A is the defining reaction series of the 
relationship, thens 
Ôlog K^ = a 
a substituent parameter, 
(Notes although the defining relationships of the 
substituent parameter is expressed in a similar form to 
the Hammett equation, the above derivation is quite general 
and applies to any general variable acting on any reaction 
provided the necessary assumptions are satisfied). 
Similarly, a reaction parameter p may be defined by 
the expressions 
^A ^ p 
where again the derivation is completely general. 
Equation 9 - 4 expresses in completely general terms 
the composition of the parameters in any two-parameter 
linear Tree energy relationship such as the Hammett 
equation. 
Equation 9 - 4 will be valid and a two-parameter 
linear Tree energy relationship will be applicable to a 
reaction series providing the two necessary assumptions 
involved in its derivation are valid, namely8 
1 . only a single variable is involved, ajid 
2, that the ratio (g /g. ), remains Jd , X , X 
constant throughout the range oT 
variation of that variableo 
A special case exists in which it is possible for the 
change in free energy to be due to multiple variation and 
still give rise to the simple two-parameter relationship of 
equation 9 - 4 , This will arise when the variables, y, z, 
etc, change, not independently from,but in proportion to the 
change in the variable x. 
In this special case, 
dy a . dx xy 
dz = a . dx, etc. xz ' 
where a^^ ,,, etc., are independent proportionality 
constants o 
The total variation will be given by dx + dy + dz + .... 
= dx (1 + a^y + a^^ + ....) 
ajid hence the total variation will also be proportional to dx. 
A different proportionality constant will merely be 
introduced into the "g" terms, and hence this situation will 
be mathematically indistinguishable from the case in which 
"x" alone was permitted to vary, as outlined above, and 
equation 9 - 4 will hold. 
Any other type of multiple variation will always 
result in the failure of equation 9 - 4 , although, if the 
other variables are independent, then it may be possible to 
derive simple multiple parameter free energy relationships 
for them, (e.g., the Taft equation). 
The above analysis provides an insight into the 
necessary conditions for the existence of a simple two-
parameter relationship such as the Hammett equation. 
Conversely, if a reaction series obeys the Hammett equation 
or some other two-parameter equation, then the above 
conditions must hold for this reaction. 
The two-parameter Hammett equation does not apply to 
reaction series which include ortho-substituents, It 
may therefore be reasonably concluded that the single 
substituent interaction variable governing the 
substituent effects of meta- and para- substituted benzoic 
acids is that due to the polar natiojre of the substituent. 
If this polar effect is composed of both inductive and 
conjugative parts, then these must be proportional to 
each other for any given substituent» For any substituent 
for which this necessary condition does not hold (eogo para-
methoxybenzoic acid), then equation 9 - 4 will be invalid 
and the Hammett equation will "break down", 
The second necessary condition of equation 9 - 4 
provides that s 
9AG 8AG 




AG^ = AH. - TAS. A A A 
aAG^ ^ 8AH^ - TSAS^ 
9AG, 9AH^ T3AS. A A - A 
ax 8x 8x 
provided the temperature remains constant. 
The second. cond.i'fciorL for* "the va.Xid.i'fcy of* eĉ'U.̂.'tioii 9 ~ 4 
may be expressed ass 
® = - T — 9 - 5 
3x 9x 
where "y" is a proportionality constant. 
In general, both enthalpy and entropy will be 
completely different fixnctions of the variable x. Three 
important cases may be distinguished in which the necessary 
simple proportionality of the two sides of equation 9 - 3 
will exists 
3 AS 
1 . If = 0 
3x 
that is, am "isoentropic relationship" exists 
for reaction A, thens 
BAG^ 3 AH. 
5 = T . ^ 
3x 9x 
and equation 9 - 4 is valid, 
a AH 
2. If = 0 
9x 
that is an "isoenthalpic relationship" exists 
for reaction A, thens 
aAG^ 9 AS B ^ A 
9x 9x 
and equation 9 - 4 is valid. 
where 3 is a proportionality constant 
i.e., an "isokinetic (or isoequilibrium) relationship" 
exists for reaction A, thens 
9AG 9AS. 9AS, S = Y (3. A ^ ^ ^ A) 
9x 3x dx 




= Y (1 
and equation 9 - 4 will be valid. 
Hence, a reaction series will show simple proportionality 
tpwards the substituent-induced Tree energy changes of 
another reaction series only if both reaction series 
belong to one of the above three categories. 
It should be emphasised that it is not necessary to 
show a good linear relationship between 6AH and <5As in 
order to establish an isoequilibrium or isokinetic relation-
ship. Because the changes in free energy, enthalpy ELnd 
entropy for any reaction at constant tem-perature are 
related by the equations 
6 A G = 6 A H - T 6 A S 9 - 7 
then all three runction changes are mutually proportional 
and it is only necessary to establish a linear relationship 
between any twoo 
This can be easily and usef^illy demonstrated as 
follows z 
Assume the reaction series is one in which 
(i) ÖAG is proportional to 6AS 
ioOo 6 A G = y , 6 A S 
(where "T" is a proportionality constant) 
then from equation 9 - 7 
6 A H - T 6 A S = Y , Ö A S 
ÖAH = (T + y)6AS 
Hence 3, the constant of proportionality in the 
isoequilibrium relationships 
6 A H = 6 A S 
is given bys 
3 = T + Y 9 - 8 
(ii) If 6AG is proportional to 6AH, 
i . e . 6 A G = 0 , 6 A H 
(where 0 is a proportionality constant) 
then from equation 9 - 7 
Ô A H - T Ô A S = 0 . 6 A H 
Ô A H - 0 . 6 A H = T 6 A S 
\ 
Ô A H = ( ^ ) Ô A S 
and in this cases 
^ = - 1 ^ 9 - 9 
The most appropriate correlation to use will be the 
one which contains the least relative error. For acid 
ionisation data derived by Van't HoTr methods, AG, is 
always determined more accurately than pither AH or AS, 
and since for benzoic acid ionisations, substituents affect 
AS much more than AH then the error in 6AS is much smaller 
than the error in 6AH, and the most appropriate correlation 
to use for the data in the present study is a plot of 
AG against AS. 
Figure 9 - 4 shows a plot of previously "accepted" 
AG against AS values for meta- and para- substituted 
benzoic acidso The poor correlation (correlation co-
efficient = 0.3 772) would indicate that the series is 
non-isoequilibrium in nature. Tables 9 - 6 and 9 - 7 
further indicate that this reaction series is neither 
isoenthalpic nor isoentropic, and thus, as many reviewers 
have noted^^'^'^, the aqueous ionisation of benzoic 
acids, the defining reaction series of the Hammett ap 
relationship, does not appear to satisfy any of the 
6000 -
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cal.mol - 1 
4000 -
m-CH 103 
3 o o E-OH 103 3 o H 98 
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m-Br 98 ( p . - CI 98 
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- 1 5 - 1 7 
— 1 — 1 AS^^ cal d'eg mol 
23 
- 1 9 
FIG. 9 - 4 
PLOT OF "ACCEPTED" LITERA.TURE VALUES OF STANDARD 
FREE ENERGIES AND ENTROPIES OF IONISATION OF 
meta- AND para- SUBSTITUTED BENZOIC ACIDS. 
necessary conditions for a simple two parameter linear 
Tree energy relationship. This, Shorter^ has commented, 
makes the empirical success of the Hammett equation 
something of a mystery, and must to some extent reduce our 
confidence in the use of enthalpies and entropies as 
quantitative indexes of substituent effects on chemical 
reactivity. 
If equation 9 - 6 was exact, and 3 was independent of 
temperature, then ÔAG would become zero for all members of 
the series at the isoequilibrium temperature, T = 3, and 
the extent of reaction would be independent of temperature. 
Thus, a further possible explanation of the observed 
scatter could be that the observations had been carried out 
at a temperature close to the isoequilibrium temperature. 
1 06 
Hepler , however, has recently indicated that a 
highly linear correlation should be expected between the 
standard free energy and entropy of ionisation of 
meta- and para- substituted benzoic acids. Such predicted 
proportionality has been foimd with the precise data of this 
study, and Figure 9 - 3 shows that providing the para-
methoxy substituent is omitted from the correlation, a plot 
of standard free energies of ionisation against the 
corresponding entropy values is, in fact, highly linear 
with a correlation co-efficient of Oo9999» The least 
squares slope for this relationship was found to be 
6000 
o 
cal.mol - 1 
5000 
O n - OMe 
m-NO 
- 1 5 
AS o 25 cal deg mol ^ 
- 2 0 
FIG. 9 - 5 
LINEAR RELATIONSHIP BETWEEN THE STANDARD FREE 
ENERGIES AND ENTROPIES OF IONISATION OF 
meta- AND para- SUBSTITUTED BENZOIC ACIDS. 
= (DATA OF THIS STUDY) 
-204,6 degrees from which. 3, the isoequilibrium temperature 
was calculated from equation 9 - 8 to be 93.7 degrees. 
Hence, the temperature of measurement is not strictly 
"close" to the iso equilibrium temperatixre and any 
explanation of the observed scatter of the older data in 
Figure 9 - 4 in terms of T approximating to 3 has no 
foundation. 
With the data of the present study excellent 
linearity, again with the para-methoxy substituent 
deviating significantly, is foimd for plots of AG 
against AH (r = 0.9984) and Ah against AS (r = 0.9992). 
It may therefore be confidently concluded that the 
ionisation of meta- and para- substituted benzoic acids 
now satisfies the necessary conditions for an 
iso equilibrium relationship and is therefore to be 
placed in the third category derived above (Page 244). 
The Predicted Slope of the AG - AS .Plxjt. from Electrostatic 
Theory. 
Simple electrostatic theory^^'^ ' ̂  , although at 
present somewhat imprecise and arbitrary in its definitions, 
2 8 1 OQ 
has been used ' ^ to predict the slope of linear relation-
ships between A G , A H and A S for the ionisation of 
carboxylic acids. 
For the reactions 
B^H + B" t + B^H 
where B^H and B^H are benzoic acids and B~ and are 
their respective anions, it can easily be shown that AX 
for this reaction (where AX is some thermodynamic function 
change) is numerically equal to 6AX, the change in AX in 
going from substituent (2) to substituent (l). 
The thermod5mamic functions for this reaction 
7 5 
(Hepler*s "symmetrical reaction") may be regarded as 
being made up of an electrostatic energy part and a 
non-electrostatic part, 
i.e. AX = AX^, + AX^^^ 
el non 
If the two anions, B~ and B^, are considered to be 
spherical and to have radii r^ and r^ respectively, then 
simple electrostatic theory gives s 
AC - Nef ri 1 \ 
where 
N = Avogadro's number, 
e is tlie charge on the electron, and 
e is the bulk dielectric constant of 
the solution. 
The assumption of a spherical ion for a benzoate 
anion is clearly a gross over-simplification. If some 
more reasonable geometry is assumed, various alternative 
(more complex) fiHictions are obtained, but they all lead 




AG , -el e 
Ne^ A = — - and 
fi is some fixnction involving the geometry 
^of the system. 
AG = AG + - 9 - 1 0 non e 
If AG and are assumed to be independent of non r 
temperature (neither of these assumptions will be strictly 
-1 . ̂  \ BAG -A a e valid} then = — ^ . 
which in combination with 
d (ln£ ) 1 de 
dT ~ e ° 3T 
results in 
a^G -A dlog e 






. _ A 9loge£ Q _ 11 
^^ - e • dT 
Ar If the ratio is obtained Trom equations 9 - 1 0 and 
9 - 1 1 , and ±f AG is small relative to ^ (a reasonable ^ ' non ^ 
assumption for a balanced syrmnetrical reaction of the type 
lander consideration), then 
AG £ /3̂ 1OGEEV-1 
= » A • \ J AS e " A • ^ aT 
9T 
Thus a plot of AG against AS should be linear with 
a slope of 
For a dilute aqueous solution at ^ > 
= „ 4.588 X 10"^deg"^ 3T 
and hence the slope should have a value of (-4,588 x 10 ) 
= -218 degrees. 
This compares extremely favourably with the observed 
slope or -205 degreeso Such a plot necessarily conceals 
many of the over=simplifications and inconsistencies of 
the simple electrostatic approach because AG and AS are 
arrected inc,a similar way by these inadequacies» 
Nevertheless, the high degree of linearity of the AG 
against AS plot and its high degree of conformity with 
the predicted slope demonstrates very effectively the 
overwhelming importance of electrostatic factors (almost 
certainly acting through solvation mechanisms) in 
ionisation reactions of this type« 
(c) POLAB SUBSTITUENT EFFECTS ON THE ACID IONISATION OF 
meta- AND para^ SUBSTITUTED BENZOIC ACIDS> 
It has been previously shown (Chapter 9, Section (b)), 
that a polar substituent interaction mechanism is operative 
for the ionisation of meta- and para- substituted benzoic 
acids. This polar effect may be composed of inductive 
influences or conjugative influences or, provided the two 
factors are proportional to one another for any given 
substituent, to a combination of both. 
The distance of separation of meta- and para— 
substituents from the reaction centre will mean that inductive 
influences between these substituents and the reaction centre 
will be very small« Polar interactions, therefore, will be 
made up almost entirely of conjugative effects. 
The observed deviation of the paxa- methoxy substituent 
from the AC against as"" plot (Fig. 9 - 5 ) would indicate 
that this substituent does not satisfy all necessary 
conditions of a simple two-parameter linear free energ>^ 
relationship, and hence some additional interaction mechanism 
must be operative. Para- methoxy benzoic acid represents 
a molecule in which a +R substituent group is cross-conjugated 
with a -R reaction centre and it has been suggested^^ that 
such molecules may be considered to exhibit ''hypersensitivity 
to conjugation", that is^ a higher degree of conjugative 
interaction is able to take place than would otherwise 
be expectedo 
Polar substituent interactions may be expected to 
influence the relative degree of ionisation of benzoic 
acids by altering the electron density distribution 
1 1 0 
within the molecule.. The introduction of electron 
withdrawing substituents will effectively délocalisé the 
charge from the reaction centre of the anion while 
electron releasing groups will tend to concentrate the 
charge on the reaction centre« 
Polar substituents may influence the free energy of 
a molecule by causing changes in the enthalpy and 5 if 
solvation and/or steric interactions are present, in the 
entropy of the systeift^^^ also« Table 9 - 8 shows values 
of the free energy, enthalpy and entropy of ionisation 
for all benzoic acids of the present study together with 
substituent-induced changes in these quantities (6AGp 
ÔAH, and ôAS) relative to benzoic acide It is clear that 
substituents produce changes in both enthalpy and entropy 
for the meta^ and para^ substituted benzoic acidso The 
positive value of the isoquilibrium temperature 
( 3= 93o7 degrees, Page 230) would indicate that and 
AS^ contribute to AG° in a compensatory manner. However, 
as the entropy contribution, TAS, is very much larger than 
TABLE 











(cal deg ^^ 
mol ) 
H 5732 -67 -19.44 0 0 0 
mata-methyl 5800 -91 -19.75 +68 -24 -0.31 
meta-methoxy 5583' 22 -18.65 -149 89 0.79 
meta-chloro 5234 178 -16.95 -498 245 2.49 
meta-loromo 5198 197 -16.77 -534 264 2.67 
meta-nitro 4720 421 -14.41 -1012 488 5.03 
para-methyl 5962 -134 -20.44 +230 -67 -1.00 
para-methoxy 6130 258 -19.69 +398 325 -0.25 
para-chloro 5437 100 -17.90 -295 167 1.54 
para-bromo 5403 107 -17.76 -329 ^ ' 174 1.68 
para-iodo 5450 78 -18„01 -282 145 1.43 
para-nitro 4671 432 -14.21 -1061 499 5.23 
ortho-methyl 5322 -1658 -23.41 -410 -1591 -3.97 
ortho-methoxy 5577 -1246 -22.88 -156 -1179 -3.44 
ortho-chloro 3970 -2601 -22.04 -1762 -2534 -2.60 
ortho-bromo 3823 -2877 -22.47 -1909 -2810 -3.03 
ortho-iodo 3880 -3010 -23.11 -1852 -2943 -3.67 
the enthalpy t eirin, fnree energy chcinges in meta— and. para— 
substituted benzoic acids are dominated by external 
solvation influences with enthalpy contributing only a 
minor perturbation on the free energy change. 
Compcirison of the entropy of ionisation for the 
three series of meta- and para- substituted aromatic acids, 
benzoic acids, phenols and anilinium ions. Table 9 - 9 , 
clearly indicates that external influences are of particular 
importance for ionogenic reactions, ioe. those in which a 
new charged species is produced: 
HA + H^O t A" + H^O"^ 
such as in the ionisation of benzoic acids and phenolso 
For such reactions, the production of a more ordered 
solvation shell by the creation of a new charged species 
will introduce an additional constraint into the system« 
This is reflected in Table 9 - 9 by the large negative 
AS° values which indicates a greater degree of solvation 
of the products, relative to the reactants, for benzoic 
acids and phenols. 
In contrast, the proton ionisation of anilinium ions, 
an example of an iso-electric reaction series in which no 
new charge type is produced; 
AH'̂  + H^O J H^O"" + A 
TABLE 9 - 9 
COMPARATIVE ENTROPY OF PROTON IONISATION (AS^) VALUES 
at 25 C (cal deg*"̂  mol"^) 
SUBSTITUENT BENZOIC ACIDS 
t li 
PHENOLS ANILINIUM IONS 
£ - OMe 
£ - CH^ 
m - CH^ 
H 
m - OMe 
£ - Cl 
m - Cl 
m - NO^ 




























in as"" 6.2 11.7 3.35 
* Indicates presence of "Cross-conjugation" 
t this study 
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has a very small and positive A value, thus indicating 
the reaction to be little influenced by solvation. 
For ionogenic reactions, Table 9 - 9 shows that the 
influence of polar substituents on the entropy of ionisation 
of both benzoic acid and phenol follow closely the polar 
nature of the substituent, that is, on the ability of the 
substituent to disperse charge around the molecule» That 
this should be so follows directly from our traditional 
concepts of polar effectso Strongly electron withdrawing 
substituents will effectively reduce the electron density 
of the reaction centre by delocalising the charge around 
the rest of the anion» This will decrease the degree of 
solvation of the anion and hence show as a less negative 
entropy of ionisation, in accord with the classical 
predictions of polar effects» 
It is clear from Table 9 - 9 that polar substituents 
have a greater influence upon the entropy of ionisation of 
phenols than on the corresponding benzoic acids» This is 
seen from not only the greater negativity of the A S^ 
values of phenols, but also in the larger 6AS° of phenols 
when compared to the corresponding 6AS° of benzoic acids» 
This may be readily understood in terms of solvation effects 
around the respective reaction zones» The smaller reaction 
zone of the phenolate anion will have a higher charge density 
distribution than will the reaction zone of the corresponding 
benzoic acid. The phenolate anion, therefore, will be 
associated with the more tightly bound solvation sheath 
around the reaction centre, and hence will exhibit the 
correspondingly more negative value« 
The greater susceptibility of AS° of phenols to polar 
substituent effects is a function, not only of the size of 
the reaction zone over which the influence must be effected;, 
but particularly upon the method of conjugation of the 
reaction centre with the aromatic ringo In phenols, the 
-0"" reaction centre is conjugated directly with the 
7T-electron system of the benzene ring, permitting very 
efficient conjugationo However, conjugation of the 
reaction zone of the benzoate anion with the aromatic 
2 
ring is only possible via a sp hybrid carbon atom, and 
is therefore of lower efficiencyo 
The enthalpy contribution to the free energy of 
ionisation of meta- and para- substituted benzoic acids 
is seen from Table 9 - 10 to be very small, but, with the 
exception of the deviating para- methoxy substituent, 
quite regular in nature. For para- substituents, (meta-
substituents show the same tendencies but to a much lesser 
degree because of their lower conjugative efficiency), 
electron withdrawing substituents have a positive 6AH^ 
TABLE 9 - 10 
COMPARATIVE ENTHALPY OF PROTON IONISATION 
(Alf) VALUES AT 25'' ( c a l mol"^) 
SUBSTITUENT BENZOIC ^ ACID PHENOLS 
ANILINIUM ^ 
IONS 
£ - OMe * 258 5530 83^1 
E - CH^ 5500 8057 
m - CH^ - 9 1 5520 7467 
H -67 5550 7377 
m - OMe 22 50 80 7013 
£ - Cl 100 5630 6633 
m - Cl 178 5380 6268 
m - NO^ 421 4797 5053 
H - NO^ 432 4720 *3417 
Maximum Chajige 
i n 566 910 
* I n d i c a t e s the p r e s e n c e o f " c r o s s - c o n j u g a t i o n " 
f t h i s s t u d y 
^ r e T e r e n c e 70 
compared to hydrogen, and therefore a more strongly held 
acid hydrogen, while electron releasing groups show a 
negative This observation is contrary to the 
predictions of classical concepts of polar effects from 
which the more electronegative substituent would be 
expected to be associated with the weaker acid 0-H bond. 
In addition, the observed enthalpy trend is in opposition 
to the observed acid behaviour, in terms of AG^, and this 
again emphasises the dominant importance of solvation in 
the ionisation of meta- and para- substituted benzoic acids 
51 52 
The dichotamised enthalpy approach of Hepler ' , 
which considers substituent enthalpy chaiiges as the sum 
of internal and external contributions, is advantageous 
for the further understanding of substituent effects on 
enthalpy changes of benzoic acid ionisations. 
51 52 The Dichotomised Etithalpy Approach« ' 
The effect of placing a substituent on a parent 
acid, such as benzoic acid, may be represented by the 
symmetrical relationship: 
HAg (aq) + A- (aq) ? A¡ (aq) + HA^ (aq) 
where the subscripts "u,," and "s" refer to the unsubstituted 
and substituted acids respectively. For the aqueous 
ionisation of meta- and para- substituted benzoic acids, 
therefore, the assumption that the internal entropy 
contribution to free energy is neglible, is reasonable. 
The assumption is less reasonable, however, for the 
ionisation of ortho- substituted benzoic acids because of 
the possibility of internal molecular strains. 
Values of 3 in the defining relationship, equation 
5 - 8 : 
(where the proportionality constant 3 is different from 
the isoequilibrium temperature), have been reported^^'^^'^^, 
for phenols and acetic acids of charge type similar to 
that of benzoic acids, and it would appear that for these 
reaction series, 270 <3 <320 degrees. Using a value of 
3 - 300 degrees, values for the internal and external 
enthalpy contributions for meta- and para- substituted 
benzoic acids have been calculated from equation 5 - 8 
and equation 5 - 9 2 
and are included in Table 9 - 11, 
It is apparent that the small enthalpy contribution 
to the free energy arises from the almost equal magnitude 
but opposite sign of the internal and external enthalpy 
components« The slight dominance of the external 
contribution again demonstrates the importance of solvation 
effects for this ionisation process, and also provides an 
explanation for the trend of 6AH° acting in opposition to 
classical polar concepts. However, the trend of 
is completely in accord with classical expectationso 
Strongly conjugating electron withdrawing groups have 
relatively large and negative ¿AH^^^ values in agreement 
with a tendency towards a weaker acidic hydrogen bond, 
while the small positive internal enthalpy of the para--
methyl substituent is consistent with classical concepts 
of its conjugative effect as a small +R effecto The very 
small ÔAH. . of the meta- methyl substituted acid is also mx! 
in agreement with classical predictions of the small polar 
influence in a position of low conjugation. Thus, in the 
absence of external influences, it should be easier to 
transfer a proton from an acid species which contains the 
TABLE 9 - 1 1 
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* Indicates presence of "cross-conjugation", 
•i- this study 
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more electron withdrawing substituent» 
The observation that both internal and external enthalpy 
contributions are in accordance with classical polar 
considerations 5 while the overall enthalpy change would 
appear deviant, provides additional support for the 
approach of considering enthalpy changes as the sum of 
internal and external enthalpy contributions» 
If a comparison of the dichotomised enthalpy of the 
three series of aromatic acids, benzoic acids, phenols, 
and anilinium ions is now made, Table 9 - 11, it is apparent 
that for all three acid series, electron releasing 
substituent groups increase the internal enthalpy, that is, 
they make the acid hydrogen bond more difficult to break, 
while electron withdrawing groups decrease the internal 
enthalpy. The magnitude of for the phenols and 
anilinium ions, whose reaction centres conjugate directly 
with the ring system, are very similar for corresponding 
substituents, even though their reaction centres are of 
different size» However, the magnitude of for 
benzoic acids is only about l/2.k times that of the 
corresponding phenol or anilinium ion and again demonstrates 
the loss of conjugative efficiency which occurs in this 
series of acids because of the conjugation of the reaction 
2 centre with the aromatic ring via the carboxyl sp carbon atom 
The presence of "cross-conjuga'tion" in para-metihoxy 
benzoic acid is seen to affect both AH. ^ and AH ,. Such int ext 
an observation is reasonable since the increased 
conjugative interaction to which this deviation is attributable 
would not only increase the bond breaking energyjbut also 
the expected degree of solvation of the substituted anion 
compared to the unsubstituted anion. 
the term öAH^^^, being directly proportional to 6AS°, 
equation 5-8, will exhibit similar tendencies to 6AS° and 
so need not be discussed further. 
(d) STERIC INFLUENCES ON THE lOmSATION OF ortho-
SUBSTITUTED BENZOIC ACIDS. 
The presence of steric influences on the reactivity 
of ortho- substituted benzoic acids has long been 
recognised. McDaniel, Brown and Haflenger^^^ have shown 
that in terms of pK »s, almost all ortho- substituents 
Si — — 
are acid strengthening, regardless of their polar 
charact er, and this has been confinned in the present 
study. 
As substitution in the meta- and para- positions of 
benzoic acids produce acid strengths which are dependent 
upon the nature of the polar effect of the substituent, 
it is reasonable to assume that the observed acid 
strengthening effect of substituents in the ortho- position 
is a direct result of steric or some other proximity effect. 
Strong evidence is available to suggest the presence 
of both steric inhibition to conjugation and steric 
inhibition to solvation for the ionisation of ortho-
substituted benzoic acids. 
(i) Steric Inhibition to Conjugation<, 
The traditional explanation for the increase 
in acid strength observed for ortho- substituted 
benzoic acids is that the ortho- substituent hinders 
the carboxyl group rrom adopting i t s necessary planar 
conformation w i t h the TT-electron system of the benzene 
r i n g . Some spectroscopic evidence i n support of this i s 
1 1 T 
a v a i l a b l e , 
The i n c r e a s e i n ac id strength may be understood by 
c o n s i d e r i n g the benzene r i n g as a substituent possessing 
a + R ( a c i d weakening) e f fect and a - I ( ac id strengthening) 
e f f e c t attached to the carboxyl group» I f the carboxyl group 
i s prevented from adopting i t s required co-planar alignment 
w i t h the benzene ring,, the +R e f f e c t w i l l be reduced thus 
l e a v i n g the - I e f f e c t dominant to produce the observed 
i n c r e a s e i n ac id strength« 
The importance of s ter ic in f luences on the i o n i s a t i o n 
o f ortho- subst ituted benzoic acids may be demonstrated by 
a comparison of ortho- and para- methyl subst ituted benzoic 
ac ids and phenols o The methyl substituent group has a large 
s t e r i c e f fect but i t s polar e f fect i s so small that i t may 
be considered to be approximately the same for both the 
ortho- and para- p o s i t i o n s . For the controlled substituent 
change : 
X 
w h e r e " X " r e f e r s to the a c i d i o n i s i n g jeunctional group 
and i s e i t h e r COOH i n the casé o f b e n z o i c a c i d s or OH i n 
t h e case o f p h e n o l s , the p o l a r i n f l u e n c e s o f the methyl 
group u p o n the thermodynamic f u n c t i o n s of i o n i s a t i o n may 
b e r e a s o n a b l y c o n s i d e r e d to be b a l a n c e d o u t . 
T a b l e 9 - 1 2 shows the thermodynamic f u n c t i o n 
changes ôAG^ , ôAH° and ôAS^ f o r t h i s c o n t r o l l e d s u b s t i t u e n t 
change • 
For the i o n i s a t i o n o f p h e n o l s , where there i s no 
c o - p l a n a r i t y requirement o f the r e a c t i o n centre w i t h the 
b e n z e n e r i n g , almost n e g l i g i b l e d i f f e r e n c e between the 
thermodynamic f u n c t i o n s of i o n i s a t i o n f o r the methyl 
s u b s t i t u e n t i n the ortho- and para- p o s i t i o n s i s o b s e r v e d . 
I t may t h e r e f o r e b e r e a s o n a b l y assumed that the s t e r i c 
i n t e r a c t i o n o f the methyl group i n ortho- methyl phenol 
i s almost non-existento 
I n the c o r r e s p o n d i n g c o n t r o l l e d s u b s t i t u e n t change 
f o r b e n z o i c a c i d s , however , l a r g e changes i n b o t h AH° 
and As^ o c c u r , but i n a compensatory manner so that only 
a moderate change i n 6AG° i s observed» The l a r g e n e g a t i v e 
ôAS^ v a l u e i n d i c a t e s that the ortho- methyl b e n z o a t e an ion 
i s more h e a v i l y s o l v a t e d than the para- methyl b e n z o a t e 
anion« I t i s apparent that the n e g a t i v e charge on the 
c o o " r e a c t i o n zone o f the ortho- s u b s t i t u t e d a c i d i s 
TABLE 9 - 12 
STERIC EFFECT OF THE METHYL STOSTITUENT^^ 0 
THE IONISATION OF BENZOIC ACIDS À m PHEÎNOLS 
Acid System AG^ 
cal mol - 1 
AH^ 
cal mol -1 
AS" 
cal deg^^mol"^ 
Benzoic Acids t .640 -1524 -2.97 
Phenols 80 200 Oo5 
t this study 
^ reTerence 70 
prevented from being as effectively delocalised around the 
rest of the molecule as in the £ara- substituted acid. 
This would be anticipated if the maximum degree of 
conjugation was prevented in the ortho^^ methyl benzoic 
acid because of the presence of out of plane bending of 
the reaction zone relative to the aromatic ring« The 
observed thermodynamic function changes, are therefore 
consistent with the proposed mechanism- of steric 
inhibition to conjugation« 
(ii) Steric Hindrance to Solvation 
The physical bulk of an adjacent substituent may 
effect full or partial exclusion of solvent molecules 
from the vicinity of the reaction zone or other potential 
solvating centre. 
In substituted phenols, there is no co-planarity 
requirement for conjugation between the substituent and 
the reaction centre so that steric inhibition to 
conjugation for the ionisation of ortho« substituted 
phenols is of no importance« The small steric effect 
noted in Table 9 - 1 2 (Page 272) for ortho- substituted 
phenols will be expected to originate from steric 
hindrance to solvation. 
Steric hindrance to solvation will be expected to 
be even smaller for ortho- substituted benzoic acids 
since the reaction centre is further removed from the 
ortho- substituent than it is in the corresponding phenols» 
Nevertheless, some small part of the observed steric effect 
in ortho- benzoic acid ionisations is almost certainly 
attributable to this mechanism» 
Analysis of the Thermo dynamic Functions of Ionisation 
Qf ortho- Substituted Benzoic Acids in terms of the 
Taft Relationship. 
The most successful linear free energy relationship 
which has been used to correlate ortho- substituents in 
benzene derivatives is the Taft Relationship (see 
Chapter V)» 
Table 9 - 1 3 shows the results of an analysis of 
the effect of substituents on the log K^, and 
AS° values for the five ortho- substituted benzoic 
acids studied in terms of the Taft linear polar energy 
relationship equations 
AX = + Ax^ oo9 -
where the AX is log K^, AH®^, or as appropriate, 
for the substituted compound and AX^ is the equiiralent 
function for the unsubstituted benzoic acidj the Taft 
linear steric energy relationships 
AX = s-^s ^^o 13 
and the linear combination of these equations 
AX = p V + s.E^ + AX^ 9 -
Table 9 - 1 3 shows that log K values are best a 
* 
correlated by a parameters (equation 9 - 1 2 ) since 
the improvement in correlation produced by the 
inclusion of the steric parameters (equation 9 - l4) 
is significant only at the 25 percent level. The 
values are correlated poorly with both polar or 
steric parameters but a good correlation is obtained 
with the combination of both polar and steric parameters, 
equation 9 - l^* It is also apparent that neither set of 
Taft parameters, either individually or in combination, 
can rationalise the enthalpy chctnges. 
If the recalculated values of Schaller for ortho-
nitrobenzoic acid are included in the analysis, both 
pK^ and As^ are again shown to be best correlated with the 
polair/steric equation with a significant improvement 
with the AS° plot, while Ah° values are again poorly 
correlated with either polar or steric or a combination of 
both parameters. 
These results reinforce the previous conclusion 
that free energy changes are dominated by the entropy 
component and that these in turn are governed by both 
polar and steric influences. 
TABLE 9 - 1 3 
TAFT EQUATIONS - ANALYSIS OF RESULTS 
Correlations for the five ortho- sulDstituted 
Correlation for the five ortho- substituted 
Benzoic Acids 
of this study 
Benzoic Acids of this study 
and the Recalculated Value for ortho-
nitro Benzoic Acid of Schaller(®) 
Equation 9 - 1 2 
(polar) 
Equation 9 - 1 5 
( s t e r i c ) 
Equation 9 - 1 4 
(polar + s t e r i c ) 
Equation 9 - 1 2 
(polar) 
Equation 9 - 1 5 
( s t e r i c ) 
Equation 9 - 1 4 
(polar + s t e r i c ) 
l o g K^ Yalues 
* 
P 2.252 - 2.657 1.692 - 2.005 
s - -0.952 0.510 - -1 .025 0.251 
l o g K (Cale) - 5 . 7 1 3 -5 .122 5.847 -5.655 -5.087 -5.761 
r(^) 0.9825 0.6805 0.9950 0.9582 O.8O97 0.9625 
F - t e s t f o r l e v e l of 25 1 - 50 10 _ 
significance^®) 
f o r equation 9 - 14 
Enthalpy Values 
-x-
P -1 .940 X 10^ 
1.371 X 10^ 
5.747 X lo4 2.588 X lO''" - 1.424 X 10^ 
s - 1.196 X 10^ - 4.507 X 10^ 1.558 X 10^ 
AH° (Cale) -2.656 X 10^ -8.847 X 10^ 7.826 X 10'̂  4.400 X lO'̂  5.576 X 10^ - 1 . 0 1 7 X 10^ 
r(^) 0.4051 0.4768 0.4795 O.O865 0.2095 0.5022 
F - t e s t f o r l e v e l / \ of 50 50 - 50 50 -
s i g n i f i c a n c e ^ ' 
f o r equation 9 - 14 
Entropy Values" 
P* 0.940 - 2.817 1.609 - 3.458 
s - 0.118 1.434 - -0 .711 1.492 
AS° (Cale) 
/ -1 \ -22.95 
-22.80 -25.57 -25.02 -22.49 -25.66 
r(^) 0.4849 0.1020 0.9116 0.8117 0.5005 0.9438 
F - t e s t f o r l e v e l of 10 5 _ 10 5 
(c) s i g n i f i c a n c e ^ 
f o r equation 9 - 14 
(a) See. Tahle 9 - 7 » Page 252. 
(h) Correlation co-efficient (equations 9 - 1 2 and. 9 - 15) or the co-efficient of 
multiple correlation (equation 9 - 14). 
(c) The percentage probability that the increase in precision of correlation by equation 9 - I4 
over either equation 9 - 12 or 9 - I3 is due entirely to the deminished. degrees of freedom 
of this multiple-parameter equation. 
APPENDIX I 
ACID-BASE COMPUTER PROGRAM SYSTEM 
PART A. 
This consists of two computer programs designed 
to convert measured optical absorbance readings into 
raw experimental pK values for use in Part B of the 
system. 
Program 1. 
Th-is is a general program for use with, acids measured 
by the "standard buffer" technique. It evaluates raw 
experimental pKĝ  values from measured optical absorb-
ance readings at each temperatijxe of measurement» 
Program 2. 
This program calculates pKĝ  values for acids determined by 
the "indicator technique"« It is specific for acids of 
charge type -1 determined with an indicator of the 
zwitterion type» The program provides partially corrected 
pKa values for use in the "exticiapolation procedure" of 
Part B, Group II Programs. 
PROGRAM 1 . PREPARATION OF STANDARD SET OF DATA CARDS g 
Card 1 Name of Acid 
punched in first 50 spaces 
Card 2 Two control indexes separated by at least 
one blank space» 
The first control index defines the degree 
of the polyromial representing the least 
squares regression cixrve of the buffer. 
Punch 1 - for linear equation. 
Punch 2 - for quadratic equation. 
Piuich 3 - for cubic equation. 
Punch 4 - for fouxth power equation. 
The second control index selects the appropriate 
equation for calculating the log (salt) ratio, acid 
Punch 1 for ratio 
log ((Buffer-Base)/(Acid-Burrer)) 
Punch. 2 for ratio 
-log ( (Acid-Buffer)/(Buffer-Base) ) 
Punch 3 for ratio 
log ( (Base-Buffer )/(Buffer^cid) ) 
Punch 4 for ratio 
-log ( (Base-Buffer)/(Bixffer-^cid) ) 
Card 3 Polynomial Co-efficientso 
The number of these will be determined by the 
nujnber punched as the first control index 
in Card 2o 
The polynomial co-efficients must be 
separated by at least one blank space. 
Card 4 Corrections for blank absorbance. 
These must be punched in the order -
buffered form absorbance5 protonated form 
absorbanceJ deprotonated form absorbance, 
and must be separated by at least one blank 
space«, They must all be of the form of 
decimal numberso 
Card 3 to Temperature and experimental absorbances» 
n-1 These must be punched in the order -
temperature, absorbance of buffered form, 
protonated form, deprotonated form, and 
must be separated by at least one blank 
space. All four numbers must be of decimal 
form. 
Last Card The last card must be of the form 
- 9 9 . 9 OoO 0 . 0 0.0 
with each number separated by at least one 
blank space. 
PROGRAM 2. PREPARATION OF STANDARD SET OF DATA CARDS g 
Card 1 Name of Acid 
pionched in first 50 spaces. 
Card 2 Punch concentration of indicator, concentration 
of buffer-acid, ionic strength of buffer, and 
the three co-efficients which define the cubic 
expression for the temperature dependent pK^ 
values of the zwitterion indicator for 
the corresponding ionic strength. 
All immbers must be of decimal or "E" format 
and separated by at least one blank space. 
Card 3 Corrections for blank absorbance. 
These must be pixnched in tlie order -
absorbance of protonated form, deprotonated 
form, buffered form, and must be sepajrated 
by at least one blank. They must be in the 
form of decimal numbers. 
Card 4 to Temperatigre and Experimental Absorbances. 
n-1 These m,ust be punched in the order -
temperature, absorbance of protonated foirm, 
deprotonated form, buffered form and must be 
separated by at least one blank. They must 
be of decimal form. 
Last Card The last card must be of the form 
-99oO OoO 0.0 0.0 
Each num.ber must be separated by at least 
one blank space. 
PART B. 
This is a collection of computer programs designed 
to convert raw experimental pKĝ  versus temperature data 
into corrected thermodynamic acidity constant data from 
which the enthalpy/entropy values are then calculated. 
The collection is designed as a "flow-on" set -
each program punching the input data for the next 
appropriate program. The sequence of programs used depends 
upon the type of acid and the buffer solution involved. 
The program set is divided into three groups and 
the usual acid data will require processing by three 
programs - one from each group. 
Group 1 Programms (9 Programs) 
These calculate the correction to the acidity function of 
the appropriate buffer to allow for the ionization of the 
acid. Which buffer is used determines which of these 
programs is chosen. 
Group II Programs (4 Pro grams) 
These carry out certain extrapolation and/or correction 
procedures e.g. averaging a set of pKa*s, applying the 
Davies Equation to calculate log y terms, etc. 
Group III Programs (2 Programs) 
This applies the Clarke and Glew set of non-empirical 
equations to the thermodynamic pK^^s to calculate the 
enthalpy and entropy values. 
ACID SYSTEMS 
The acids used in this project fall into two categories 
1) those of charge type -1 (Phenols and benzoic acids), 
of charge type zero (Anilinium ions and similar 
These require slightly different processing of 
datas-
iai 2) tho s e 
amines)• 
their pK a 
(l) Phenols 8 benzoic acids (charge type -1 ) 
HA + H^O 
H.O 







p K ^ = p ( ^ r c i ) 
^ HA ) HA,^ CI" 
— + log ^ _ 
^ A 
The activity co-efficient term is considered to 
cancel for solutions of ionic strength O.lo This is 
usually established by observing that the pK^ values 
calculated bys 
pK^ = p(a^ H CI 
^ I ^ } ) + log _ _ 
are independent of ionic strength, and may therefore be 
regarded as thermodynamic pK^ * s within the precision of 
the method» 
The raw experimental pKa' s, measiired at temperature 
intervals, must therefore be subjected to three proceduresg 
(i) a correction is applied to the pKa values to allow 
for the effect of the ionization of the phenol (or 
benzoic acid) on the acidity fimction of the buffer. 
This is done by the Group I program appropriate to 
the buffer used» 
(ii) if the pK^ » s have been measured at more than one 
ionic strength and, after the ionisation 
correction is applied, are, within the expected 
experimental precision, independent of ionic 
strength, then the pK 's at each temperature must 
be averaged. Program 2A "average" does this. 
If the pK 's show a slight dependence on ionic 
strength they can instead be extrapolated to zero 
ionic strength. Program 2D "Extrapolate" does this 
(iii) The thermodynamic pK *s which are output from 
sec.(ii) are processed by the Clarke and Glew 
equations to give AH^and ASÍ Program 3 does this, 
(2) Anilines s etc. (Charge type zero) 




(a) Anilines measiired in a standard buffer 
pK^ = p(ajj Y^^^) + log —7-7- + 2 log Y + (AJ^] 
(A) 
Again three processes are involveds 
(i) a correction for the effect of the aniline on the 
acidity function of the buffer is applied by the 
Group I program appropriate to the buffer used. 
(ii) The 2 log ^ i term (calculated by the Davies 
Equation) is applied and then the corrected 
are extrapolated to zero ionic strength. 
Program 2B "Davies" does this for all buffers 
except Table 3 for which Program 2C "Davies 3" 
must be used. 
(iii) the corrected and extrapolated pKĝ 's are treated 
by Program, 3 "Clarke and Glew" to give A IT and 
AŜ . 
(b) Anilines measured in HCl 
(AH^) y AH+ 
pK^ = p(«1h) + log + log J — 
The log Y term is considered to be small in solutions of 
low ionic strength. Three procedures are involved?-
(i) Correction of the p(niy) of the HCl solution for the 
effect of the ionisation of the aniline. This is 
done by Program IX "HCl". 
(ii) the pK are then extrapolated to zero ionic 
strength by Program 2D "Extrapolate". If the pK̂ ^ ' s 
appear to be independent of ionic strength (i.e. 
complete cancellation of the log - term) then 
Program 2A "Average" can be used instead. 
(iii) the corrected and extrapolated pK^'s are treated^ 
by Program 3 "Clarke and Glew" to give AH and As. 
PREPARATION OF STANDARD SET OF DATA CARDS 
Suitable as input to all Group I Programs except 
that Program 1A (Table 3 correction) requires a special 
form of the first card only. 
Card 
1 Ionic strength of buffer molality of bixffer 
(10 spaces) i^O spaces) 
(format FlOo)*"' (format FIO.) 
*1 
2. Control indexs Punch 1 for pl^enols and carboxylic 
acids usually." ^ 
Piinch 2 for anilines usually. 
One space only - one digit only on this card and 
it must be piinched in column 1. 
3 Name of acid 
Punched anywhere in the first 50 spaces. 
4 Concentration of Lowest temp, of Number of temps. 
acid m^easurement of m^easurement 
(10 spaces) (2 spaces) (2 spaces) 
(format EIO.4)''^ (format 12)''^ (format 12) 
Card 
3 Raw or acid at intervals, starting with 
that Tor the lowest temperature of measurement 
given above and ending with th_at for 30°. There 
will thus be a maximum ot 6 numbers on this card 
(i.e. pKa's for 5®- 309) all. ptinched as ordinary 
decimal numbers (e.g. 4.683) and each one in a 
10 space segment (i.e. first number in 1st 10 spaces, 
2nd number in 2nd 10 spaces and so on). (Format 
6F10.3) 
6 Raw of acid at inter\'als starting with 
that for 35°. Again a maximiim of six numbers is 
permitted on this card and they must be punched as 
in card 5» 
NOTES g 
*1 Format F10.means that the number must appear as an 
ordinary decimal number (e.g. 9,687) anywhere in 
the 10 spaces specified. N.Bo a decimal point must 
be given (e.g. 2?. not 27). 
*2 Format El 0,4 means that the concentration of the 
acid on card 4 can appear either as a decimal number 
anywhere in the first 10 spaces, or as a FORTRAN 
exponential number(e.g. 4.63 E -05) . Users unfamiliar 
with Fortran type input should use a normal dec±m,al 
number as the spacing of exponential numbers is 
critical in Fortran II and Fortran IV. 
*3 Format 12 m^eans that the lowest temperature of 
measurement on card 4 must be punched as a 2-digit 
integer i.e. must be pimched as 03, 10° as 10, 
13° as 13 etc. Similarly the number of temperatures 
of m,easixrem.ent must be punched as a 2-digit integer 
08 or 10 etc. 
N«B. 0° is not an acceptable lowest temp. 
Modified form of card 1 for Program 1A|-Card 
1 molal conc. of molal conc. of Code number for 
bixffer buffer buffer 
(1st 10 spaces) (2nd 10 spaces) (One space only) 
(F10.) (F10.) (I^) 
28 5. 
The i o n i c s t r e n g t h o f the Table 3 b u f f e r v a r i e s 
w i t h t e m p e r a t u r e , and the m o l a l c o n c e n t r a t i o n i s put 
d o ™ i n s t e a d o f the i o n i c s t r e n g t h i n the output 
I d e n t i f i c a t i o n ( t h i s i s the r eason why the same number 
has t o b e punched t w i c e on card 1 f o r t h i s b u f f e r ) . 
The code number e n a b l e s the computer to choose the 
c o r r e c t s e t o f b u f f e r data b u i l t i n t o the program. 
Only the one d i g i t c ode need be punched. 
Code numbers 
B u f f e r c o n c e n t r a t i o n 
0.02600 
0 . 0 3 0 1 0 
0 .03841 
0.0^^684 













F o o t n o t e s 
t " I o n i c s t r e n g t h o f b u f f e r " and " m o l a l i t y o f b u f f e r " 
on c a r d 1; f o r HCl s o l u t i o n s (Program 1X) b o t h o f 
t h e s e s h o u l d be the m o l a l i t y o f the HCl i . e . the 
same number punched t w i c e . 
^ The " c o n t r o l i n d e x " o r card 2 c o n t r o l s the form o f 
the punched output which becomes the i n p u t o f the 
f o l l o w i n g programme. 
The punched output vn. l l b e : -
( a ) i f C o n t r o l r. l 
A s e t o f da ta cards c o n t a i n i n g a b s o l u t e 
t emperature and the pK va lues c o r r e c t e d f o r the 
i o n i z a t i o n o f the a c i d . Tlie s e t i s headed by a 
c a r d g i v i n g the name o f the a c i d and the f i n a l 
c a r d i s a s tandard l a s t card " s e n t i n e l c a r d " . 
The who le s e t can t h e r e f o r e b e f e d d i r e c t l y i n t o 
Program 2A "pK Average" o r Program 3 "Clarke and 
Glew Equat i ons^ . 
( b ) i f C o n t r o l .r 2 
T\<ro da ta cards o n l y w i t h the a c i d i t y c o r r e c t i o n s 
f o r each temperature punched on them. 
These must b e p l a c e d b e h i n d . t h e s tandard data s e t 
( i i e . as ca rds 7 ajid 8) f o r input to Program 2B " D a v i e s " , 
Program 2C "Davies 3 " o r Program 2D " E x t r a p o l a t e " . 
LIST OF PROGRAMS IN THE ACID/BASE PROGRAM SET 
Group I Programs 
(Calculations oT the correctiim to tlie acidity runction 
or the buTfer for the ionisation of the substrate acid). 
Group II Programs 
(Various correction and extrapolation procedieres). 
Program 2A "Average" 
Accepts NI sets of NT cards and averages tiie pK 
values for each temperature o 
Program 2B "Davies" 
Applies to each pK^ value (i) the acidity function 
correction calculated by the appropriate Group I program 
(ii) a 2 log Y term calculated by the Davies equation, 
then extrapolates the corrected pK^ values to zero ionic 
strength. 
Program 2C "Davies 
Does the same as Program 2B but is a special version 
for Table 3 bioffer where the ionic strength shows 
considerable variation with temperature. 
Program 2D "Extrapolate" 
Applies to each pK^ value the pH correction caloula-sd 
by Program IX "HCl" and^then extrapolates the pK^ \'alues 
to zero ionic strength (i,e, no 2 log Y term is applied 
in this program). 
Group III Programs 
Program 3A "Clarke and Glew Equations, Print 
Applies the Clarke and Glew equations to the input absolute 
temperatixre versus pK^ data. 
Input 
1st Card Name of acid system (first 50 spaces) 
2nd Card ) NT cards punched with absolute 
) temperature in first 10 spaces and 
) thermodynamic pK̂ ^ in 2nd 10 spaces, 
NT + 1 cards ) 2F10.3) 
; Last Card contains any negative decimal number 
(NT + 2) e,g, -99,9 in first 10 spaces (used 
purely as a signal to the computer 
that this is the end of the data set). 
Program 3B "Clarke and Glew Equations - Pimcli" o 
No te s This is a two-part system employing the overlay 
technique, Inrormationoperated on by the second program 
segment is stored in "common" from the first program 
segment. The program is designed to load the second 
segment when execution of the first segment is complete» 
It is essential that the computer be not cleared between 
the completion of the first segment and commencement of 
the second segment. 
First Program Segments "Clarke and Glew Equations g Punch". 
This applies the Clarke and Glew equations to the standard 
input for "glarke and Glew Equations| Print", Program 
that is, absolute temperatwe versus thermodynamic pK 
data. 
Second Program Segments "Bootstrap" to follow "Clarke and 
Glew; Punch"« 
Note g Program Bootstrap to be loaded after completion of 
execution of "Clarke and Glewj Punch", without the computer 
being cleared» 
This program produces punch card output of Clarke and Glew 
equations as well as experimental pK^? ionisation 
corrections, and thermodynamic pK^ at each ionic strength 
of measurement, 
i 
Standard Input Data for "Bootstrap", 
Card 1 Name of acid (first forty spaces) 
Card 2 Name of buffer system (first forty spaces) 
Card 3 A single number, n, (either 1, 2, 3j or 4) 
; pimched in first column to indicate the number 
of ionic strength data sets to follow» 
Card k These cards consist of n sets of ionic strength 
to last data« 
Each set consists of data for the one ionic strength. 
Cards i to i+6 the standard input data for 
program Part B, Group I Program, 
Cards i+7 and i+8 - Ionisation corrections as 
punched by Part B, Group I Program. 
Cards i+9 to end of data set - Standard input 
for program Part B, Group JA Program. 
A P P E N D I X 2A 
C E X P E R I M E N T A L PKAS FROM ABSORBANCE R E A D I N G S 
1GC READ 1 
P R I N T / / 
P R I N T 1 
1 FORMAT (5CM 
P R I N T / 
P R I N T 2 
2 FORMAT ( 4 H T E M P 4 X , 5 H R A T I 0 5 X , 3 H P K A / ) 
P R I N T / 
R E A D , N P O L Y , N A C I D 
GO TO ( 1 C , 1 1 , 1 2 ) , N P O L Y 
1 0 R E A D , P A , P B 
GO TO kO 
1 1 R E A D , P A , P B , P C 
GO TO ¿fO 
1 2 R E A D , P A , P B , P C , P D 
GO TO kO 
4 0 R E A D , C A , C A A , C A B 
DO 8 0 I = 1 , 3 0 
R E A D , T , A , A A , A B 
I F ( T ) 6 l , 6 l , 2 0 
2 0 T = T + 2 7 3 o15 
A = A - C A 
AA=AA-=CAA 
A B = A B - C A B 
GO TO ( n o , 1 1 1 , 1 1 2 ) , N P O L Y 
1 1 0 PAHCL = P A n + P B 
GO TO 5 0 
1 1 1 PAHCL = P A n ' ^ ' ' ^ 2 + P B n + P C 
GO TO 5 0 
1 1 2 PAHCL = P A n ^ ^ 3 + P B n - - 2 + P C n + P D 
GO TO 5 0 
5 0 GO TO ( 2 5 , 2 6 , 2 7 , 2 8 ) , N A C i D 
2 5 R A T I O = ( L 0 G F ( A - A B ) - L 0 G F ( A A = A ) ) / 2 . 3 0 2 5 9 
GO TO 60 
2 6 RAT I 0 = - (LOGF ( A A - A ) " L O G F ( A - A B ) ) / 2 „ 3 0 2 5 9 
GO TO 6 0 
2 7 R A T I 0 = ( L 0 G F (AB-=A ) " L O G F ( A - A A ) ) / 2 „ 3 0 2 5 9 
GO TO 6 0 
2 8 RAT I 0 = - (LOGF ( A B - A ) - L O G F ( A - A A ) ) / 2 „3 0 2 5 9 
GO TO 6 0 
60 PKA = P A H C L + R A T I O 
T = T - 2 7 3 » 1 5 
8 0 PR I NT 6 , T , RAT I 0 , P K A 
6 FORMAT ( F 5 o 1 , 2 F 1 C „ 4 ) 
6 1 GO TO 1 0 0 
END 
A P P E N D I X 2 B 
C C P K A S B Y I N D I C A T O R M E T H O D 
1 0 0 R E A D 1 
P R I N T 1 
1 F O R M A T ( 5 0 H 
R E A D , C I N , C A C I D , S I O N , P A , P B , P C 
P R I N T 2 , C I N 
P R I N T 3 , C A C I D 
P R I N T k,S\OH 
2 F O R M A T ( 2 3 H M O L A L I T Y OF I N D I C A T O R = E ] S O K / / ) 
3 F O R M A T ( 2 3 H M O L A L I T Y O F B U F F E R = E 1 5 . ^ + / / ) 
K F O R M A T ( I 6 H I O N I C S T R E N G T H = F L O . ^ I ) 
R E A D , C A A , C A B , C A 
D O 5 0 I = 1 , 3 0 
R E A D , T , A A , A B , A 
I F ( T ) 5 1 , 5 1 , 1 0 
1 0 T = T + 2 7 3 O 1 5 
A A = A A - C A A 
A B = A B « C A B 
A = A - C A 
R = ( A - A A ) / ( A B = A ) 
P L O G = L O G F ( R ) / 2 O 3 0 2 5 9 
R 0 0 T = S Q R T F ( S I 0 N ) 
A D H = 2 . 7 6 8 2 3 E - 0 6 N ^ ^ ' ^ 2 - 7 O 7 8 3 0 3 E - C 4 N + 4 O 9 ^ ^ 2 E - C 1 
G A M M A = 2 O C ' ^ ' A D H - R O O T / (L O O + R O O T ) 
P K A = P A N ' ' ^ ^ 2 + P B N + P C 
PH=PKA+PLOG-GAMMA 
H = E X P F ( - 2 O 3 C 2 5 9 ' ^ P H ) 
A M I N = R - C I N / ( 1 O O + R ) 
B M I N = C I N + H - A M I N + C A C I D / 2 O O 
B H = C A C I D - B M I N 
P K B = P K A + P L O G - L O G F ( B M ! N / B H ) / 2 , 3 0 2 5 9 
T = T - 2 7 3 » 15 
5 0 P R I N T 6 , T , P L 0 G , P H , A M ! N , B M I N , P K B 
5 1 GO T O 1 0 0 
6 F 0 R M A T ( F 5 . 1 , 5 F 1 0 . 4 ) 
E N D 
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